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ABSTRACT 

Responses of two freshwater lake ecosystems of the Inter
mountain West to crude oil impaction were investigated. The 
research was conducted in two phases; in the first phase effects 
of crude oil were studied on an ecosystem established in three 
phase laboratory microcosms (gaseous-aqueous-sediment), which 
simulated the natural lakes. Notable responses of the microcosm 
ecosystem to oil impaction included: an increased oxygen demand 
by the biological community, nutrient immobilization, a reduction 
in plant biomass accumulation and a heterotrophically dominated 
ecosystem. The increased availability of biologically degradable 
reduced carbon (i.e., the oil) and nutrient immobilization, 
rather than toxic effects of oil on plants, were the primary 
factors leading to a long-term imbalance between autotrophs and 
heterotrophs following oil addition. 

The second phase of the research was designed to investigate 
effects of crude oil on plant litter decomposition in the same 
two lakes. In general, crude oil reduced the rate and extent of 
in situ litter decomposition, but activity of oiled-litter 
8;sociated decomposer communities was greater than, or equal to, 
that of unoiled-litter over a year's period. Differences in the 
degree of crude oils' impacts between litter types and lakes were 
explained by factors such as biochemical structure of the plants, 
sediment types 0 f the 1 akes and phys ical energy (e. g. wind) to 
the lakes. Increased rates of oxygen utilization because 
of the crude oil were identified as a potential primary detri
mental effect of oil pollution. Crude oil did not affect the 
nutrient content of plant litter at any given stage of litter 
decomposition, but the rate of nutrient loss from the litter was 
reduced because of a reduction in the rate of litter decomposi
tion. Of the nitrogen and phosphorus lost from plant litter, 
much less was released to ambient water in inorganic form from 
oiled litter than from unoiled litter. Nitrogen limitation 
to decomposers may have been the primary factor reducing the rate 
of oiled litter decomposition. Environmental· ramifications of 
oil pollution concerning litter-environment nutrient exchange are 
discussed. 
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INTRODUCTION 

There has been considerable re
search performed on the impact of 
oil pollution due to shipping accidents, 
oil well blowouts, and pipeline failures 
on marine ecosystems. In contrast, 
little is known concerning the effects 
of oil on freshwater systems. Marine 
oil spills have involved massive acci
dents which affect large areas and 
attract worldwide media attention, 
whereas spills into freshwater systems 
are generally of smaller magnitude and 
more local in effect. Although a 
freshwater oil spill may be lesser in 
magnitude, its impact on the local 
environment might be more devastating 
than a larger marine spill. The tre
mendous energies due to thermal mixing, 
waves, and wind tend to dissl"pate and 
otherwise lessen the detrimental local 
effects of oil pollution in many marine 
ecosystems (e.g., Owens 1978). Fresh
water lakes have a much lower energy 
input and are confined in space so 
spilled oil would tend to be concen
trated; reliance on slow biodegradation 
to dissipate oil would probably be more 
important in lakes than in marine 
systems. Additionally, hydrocarbons 
tend to be more soluble in waters with 
lower salinity (Rossi and Thomas 1981; 
Rice et al. 1976), so freshwater pelagic 
organisms would be exposed to higher 
concentrations of toxic dissolved 
hyd rocarbons. In general, research 
directly assessing the degree impact 
crude oil would have on freshwater 
ecosystems is very limited. 

Within the Intermountain West much 
energy development has recently occur
red, with the potential for extensive 
development in the future. The possi
bility of environmental damage to 
freshwater ecosystems due to the estab
lishment of large oil fields is acute. 
Some areas of high petroleum-related 
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activity also contain large numbers of 
freshwater lakes. This study assesses 
the impact of spilled crude oil on two 
lake ecosystems of the Intermountain 
region. 

The research was conducted in two 
parts. First, laboratory experimenta
tion explored the effect of two crude 
oils on two simulated lake ecosystems 
representing specific hard and soft 
water lakes. Second, the impact of the 
two crude oils on the decomposition of 
aquatic plants in the same two lakes was 
assessed in field and laboratory experi
ments. The two segments of this re
search complement each other by examin
ing different aspects of the effects 
crude oils would have if spilled on 
freshwater lakes. 

General Objectives 

The objective of the portion of the 
study involving laboratory simulation of 
lake ecosystems was to determine how 
crude oil affected an overall eco
system and its separate components (such 
as autotrophs, consumers, and decom
posers) • This was accompl ished by 
documenting changes which occurred 
within three-phase microcosms in which 
stable biological communities had 
developed and then were impac ted by 
crude oils. Changes in aqueous chemis
try, nutrient concentrations, gas 
production and composition, total 
organic carbon in the aqueous phase 
and biomass accumulation due to crude 
oil's impact were determined to assess 
environmental effects of the oils. 

Specific objectives of the experi
ments involving crude oil's impact 
on decomposing aquatic plant litter were 
to determine 1) oil affects on the rate 
and extent of autothtonous ~lant litter 



decomposition, 2) oxygen utilization 
rates of oiled and unoiled decomposing 
litter, 3) nutrient dynamics between the 
oiled and unoiled litter and its 
environment, and 4) the duration that 
crude oil would be expected to exert 
an impact. Decomposing plant litter has 
maj or regulatory func t ions on laka 
ecosys tems (Carpenter 1980; Landers 
1982) and any effect crude oil has on 
the decomposition process could be 
ramified over the entire lake. Factors 

2 

measured to accompl ish the goal of 
assessing oil impacts included 1) the 
proportion of oiled and Iluoiled plant 
litter remaining in two lakes throughout 
a year, 2) oxygen utilization rates 
of microbial communities associated with 
the litter, 3) nutrient content 0 foiled 
and unoiled plant litter, and 4) nutri
ent exchange between the environment and 
plant litter. The loss of oil from the 
litter over a year's period was also 
determined. 



LITERATURE REVIEW 

Environmental Effects of 
oil Pollution 

In severe cases, oil pollution has 
been shown to affect essentia.lly 
every biotic component of aquatic 
systems (Southward and Southward 1978; 
Stebbings 1970; Sanders 1978; Hampson 
and Moul 1978; Notini 1978; Hyland an1 
Schneider 1976; Mann and Clark 1978). 
Furthermore, the impact can be o.f long 
duration, especially in shallow areas or 
a.reas where oil is stranded along the 

. shoreline (Mann and Clark 1978). 
Ten years or more may be required for a 
community structure to return to near 
normal cond it ions, and sub 1 e tlla 1 
effects may persist much longer (Mann 
and Clark 197&) •. Effects of oil 
pollution on individual components of an 
ecosystem are highly variable and depend 
on factors such as climate (Larson et 
a1. 1976, 1977, 1979; Lf!e et a1. 19.,8; 
Atlas et .:tl. 1978), physical energy 
inputs to the system (Owens 1978; Mann 
~nd Clark. 1978): organism type and 
feeding habits (Conover 1971; Prouse and 
Gorrion 1976; Wong et al. 1981; Hyland 
and Schneider 1976), and oil type 
(An~erson et ale 1974). Effects of 
oil pollution on different components of 
an ecosystem will be treated separately 
in the followi:lg sections. 

D~composers 

Overall increases in heterotrophic 
bacterial population levels commonly 
occur after crude oil enters an aquatic 
system (e.g., Colwell et al. 1978; 
Westlake et al. 1978; Atlas et ale 
1976) • Usually a significant increase 
in hydrocarbon utilizing bacteria (HCU) 
resuits (Colwell et al. 1978; Steward 
and Mark 1978; Atlas et al. 1978) while 
some other microb ial forms decrease in 
numbers (Walker et al. 1975; Hodson et 
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al. 1977; Walker and Colwell 1974). 
Various hydrocarbon compounds are either 
directly toxic to, or at least actively 
avoided by I many aquatic microorganisms 
(Young and Mitchell 1973; Walker et al. 
1975; Walker and Colwell 1977; Schindler 
et al. 1975; Hodson et al. 1977). How
ever, the research of the latter authors 
was genet'ally conduc ted on spec i fic 
groups uf organisms and specific hydro
carbons; most research indicates that 
the general decomposer population 
(particularly bacteria) quickly respond 
with increased activity to oil pollu
tion. 

Atlas et a1. (1978) reported an 
increase in overall bacteria popUlations 
of several orders of magnitude as a 
result of Prudhoe Crude oil seepage into 
Prudhoe Bay. ·Pseudomonas bacteria 
accounted for a major portion of the 
overall increase. Concurrently there 
was a sharp decrease in certain groups 
of microorganisms. Walker et al. (1975) 
also reported significant incraases 
in bacteria popUlation when 60 ppm South 
Louisiana Crude oil was present in an 
estuary of Chesapeake Bay. Despite the 
increase in the general bacteria 
popUlation level, the authors showed 
definite toxic effects on some bacteria 
at 60 ppm crude oil in aqueous solution. 
They concluded that, although overall 
microbial activity accelerated due to 
crude oil impaction, the oil was toxic 
to certain groups of bacteria potential
ly important to ecosystem functions, 
such as nutrient cycling, within the 
estuarine environment. Positive or 
negative effects were not apparent fot' 
other gt'oups of microorganisms, such as 
yeast and fungi. Finally, Walker et al. 
(1975) found No. 2 crude oil to 1 imit 
bacterial populations overall, thus 
indicating differential effects of 
different oil types. In another study, 



Walker and Colwell (1974) found South 
Louisiana Crude and No. 2 fuel oil to 
stimulate bacteria growth over a 28-day 
period in an environment accli~ated to 
oil contamination, while bacter~a popu
lations were depressed at unacclimated 
sites (all sites were in the vicinity of 
Chesapeake Bay). Hodson et al.(1977) re
ported that concentrations abo~e.300 
J.I8/l of four oils (South Lou~s~ana 

Crude, Kuwait Crude, No.2 fuel oil, and 
Bunker C oil) in seawater significantly 
inhibited marine bacteria activity as 
measured by D-glucose assimilation. Low 
concentrations of these oils stimulated 
bacterial assimilation rates but con
centrations of hydrocarbons of 800 ~g/l 
der i ved from proc es sed oil (i. e ., No. 2 
and Bunker C oil) inhibited bacteria 
activity up to 60 percent and hydrocar
bons derived from South Louisiana Crude 
oil reduced activity 17 percent. The 
highest soluble hydrocarbon concentra
tion reported for seawater is 800 ~g/l 
and was associated with a 2-day old oil 
spill (Gordon and Prouse 1973). 

Generally bacterial popUlation 
responses to oil pollution are rapid and 
of long duration. Simulated oil spills 
in an arctic marine ecosystem increased 
the numbers of viable heterotrophs and 
HCU microorganisms 30 days after contam
ination (Atlas et ala 1978). Lock et 
ala (1981a, b) investigated effects of a 
synthetic crude oil on benthic microbial 
popUlations in an Alberta river. Lock 
et al. (1981 a) found an increase 0 f 
from 5 to 9 times the bacteria numbers 
at the oiled site compared to control 
sites 30 days after treatment initia
tion. In a study of longer duration, 
Lock et al. (1981 b) again found in
creases of bacteria numbers of from 3 to 
7 fold due to the synthetic oil. 
Colwell et al. (1978) noted intermediate 
to dramatic increases in the number of 
aerobic microbial heterotrophs at oil 
polluted sites in the Straits of Megel
lan 2 years after the grounding of the 
oil tanker V .L. C. C. Metula. Petroleum 
degrading bacteria were in much greater 
numbers at the oiled sites, but the 
ratio of oil degraders to all other 
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groups was not significantly different 
between oiled and unoiled sites. There 
was, however, a maj or difference 
in the relative abundances of other 
bacteria groups (e.g., starch hydro
lyzers vs. chitin digesters) and this 
was attributed to the continuing 
presence of oil residue in the sediment 
(Colwell et ala 1978). Steward and Mark 
(1978) reported decreases in the propor
tion of HCU bacteria over a 6 year 
period in Chedubucto Bay, Nova Scotia, 
following a major oil spill. HCU 
bacteria decreased from 15 percent of 
the microbial popUlation shortly after 
the spill to background levels 18 months 
later. An extensive survey 6 years 
later indicated the HCU percentage 
to be at background levels for 77 out of 
79 formerly oiled sites. The authors 
concluded that the metabolically degrad
able oil fraction was utilized when HCU 
bacteria levels reach background levels 
(Steward and Mark 1978). 

In summary, certain microbial 
popUlations have been shown to be harmed 
by toxic components of crude oil. 
However, crude oil stimulates the 
overall microbial population to rapidly 
reach high densities and causes more of 
the community to be capable of utilizing 
hydrocarbons. Microbial popUlations 
subsequently decline to before impact 
levels after all metabolically available 
hydrocarbons are degraded (this does not 
bnply complete removal of the oil). The 
duration of this cycle apparently 
depends upon the amount and type of oil 
spilled, the ecosystem type, and various 
clbnatic factors. 

Autotrophs 

Autotrophic growth may be stimu
lated or depressed by oil impacts. 
Blott et ala (1976) reviewed a number of 
laboratory physiological studies dealing 
with oil toxicity on algae. They 
reported that hydrocarbons present in 
the water column can have a wide range 
of both st imul atory and inhib itory 
effects on phytoplankton. Blott et ala 
(1976) investigated benthic algal 



commun1tl.eS in a Delaware river marsh 
and found that exposure to oil depressed 
community primary productivity but 
the degree of effect depended on the 
kind and concentration of oil used in 
the experiment. All benthic algal 
communities eventually recovered from 
oil exposure, but the species composi
tion of the community was different from 
that before exposure (Blott etal. 
1976). In general, the first group of 
algae to recover after exposure to crude 
oil was the blue-green algae. The oils 
Blott et al. (1976) used were No.2 fuel 
oil, Nigerian Crude oil, and used 
crankcase oil in a range of concentra
tions of from 1:100 to 1:1000 (V:V). 

Inshore algal populations of the 
Agean Sea including species of diatoms, 
dinoflagellates, u-flagellates, co-celi
thophores, silicoflagellates, and 
blue-green algae all resisted oil 
toxicity at a total concentration (i.e., 
dissolved plus particulate) of 27 mg/l 
(Ignatiodes and Minicas 1977). Oil 
input was continuous at the site so the 
algal community was likely well accli
mated. 

Gordon and Prouse (1973) determined 
that the degree of growth inhibition 
exerted by three oils (Venezuelan Crude, 
No.2, and No. 6 fuel oils) on a natural 
phytoplankton community of Bedford Bay, 
Nova Scotia, was directly proportional 
to oil concentration in the water. 
At concentrations below 50 1.1g/l of 
Venezuelan Crude phytoplankton growth 
was actually stimulated. The stimula
tion was most 1 ikely due to inorganic 
nutrients released from other organisms 
killed by the crude oil. Present oil 
levels of the seawate.r in the region of 
this research could only decrease 
overall phytoplankton photosynthesis by 
a few percent (Gordon and Prouse 1973). 

Other studies have found that 
although oil may be toxic to certain 
species of planktonic algae, phytoplank
ton usually recover rapidly after 
oil exposure due to their high repro
ductive rates and high mobility (Hyland 
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and Schneider 1976). Benthic algae are 
usually more severely affected because 
they are sessile, or relatively im
mobile, and cannot escape the pollution. 
Oil also persists much longer in the 
sediment than it does in the open water 
(Hyland and Schneider 1976). Reported 
rates of recovery for oil-impacted 
benthic communities range from weeks to 
5 years; the fastest recovery occurs on 
rocky, wave battered shores and the 
slowest in soft-bottom sheltered areas 
(Hyland and Schneider 1976). Converse
ly, some studies report benthic peri
phytic algae stimulation due to oil 
impacts (Lock et a1. 1981a and refer
ences within). 

Bioassays often show an initial 
retardation of algal growth followed by 
a recovery if the oil contamination 
is only moderate~ The algal growth has 
a lengthened lag phase followed by an 
exponential growth phase with a depress
ed slope relative to unoiled controls 
(Vandermeulen and Ahern 1976). However, 
if the culture is allowed to grow for 
sufficient time, the ultimate biomass 
in oil treatments and unoiled controls 
approach the same level. Vandermeulen 
and Ahern (1976) stress species specific 
responses to oil impaction and suggest 
that some of the stimulatory response of 
algae to oil may be due to a mutagenic 
effect. 

Kauss and Hutchinson (1975) showed 
that aqueous extracts of seven different 
Western Canadian crude oils and one 
refined oil product exhibited marked 
differences in toxicity effects on 
Chlorella vulgaris Be ij erinck. The 
eight oil extrac ts reduced cell growth 
of algae from 5 to 41 percent during the 
first 48 hours. However, the toxicity 
was short-lived, resulting only in a 
lengthening of the lag phase of growth 
for the algae cul ture, and was followed 
by the normal growth pattern. Kauss and 
Hutchinson (1975) determined that 
the recovery after the prolonged lag 
phase was due to volati 1 ization of 
highly volatile, toxic compounds in the 
oil extract during the first 24 hours. 



A significant growth stimulation was 
observed for three of the oil extracts 
after their volatile, toxic compounds 
had evaporated (Kauss and Hutchinson 
1975) . 

Vascular plants are also reported 
to have varying responses to crude oil 
impacts. Burk (1977) reported a lower 
species diversity and overall plant 
cover density due to an oil spill during 
a 4 year study of vascular plants in a 
freshwater marsh in Massachusetts. 
Marsh plants were acutely affected, as 
measured by a reduction in plant species 
diversity, in Winsor Cave, Massachu
setts, throughout a 3 year study follow
ing a No, 2 fuel oi 1 spill (Hampson 
and Moul 1978). Marsh grasses at the 
site were unable to recolonize by either 
reseeding or rhizome growth. Converse
ly, Spartina altemiflora Loisel toler
ated up to 8 liters of a Louisiana Crude 
oil per square meter of marsh surface 
without a decrease in above ground 
biomass or new shoot generation in a 
Louisiana salt marsh (Delaune et al. 
1979). Up to 32 9v 1rAJ. of the crude oil 
did not affect the above ground biomass 
in greenhouse experiments but recruit
ment was curtailed at application rates 
of 4 and 8 t/m2 and eliminated at 16 
and 32 9v1rAJ.. Lower levels of new-shoot 
generation in the greenhouse experiment 
at application rates which had no effect 
in the marsh was attributed to the 
necessity of the new shoots to "grow 
through" an oil slick. Wind and other 
physical forces "broke up" the sl ick in 
the marsh (Delaune et al. 1979). 

Existing literature concerning oil 
impacts on autotrophs is confusing 
because studies seem to contradict one 
another. Factors contributing to the 
apparent contradictions include: 
different studies use different oil 
concentrations and types, various plant 
species have different levels of toler
ance to oil pollution, physical energy 
input varies among studies, chemical and 
other environmental conditions vary 
among studies, and laboratory conditions 
also vary. Michael and Brown (1978) 
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and Hsiao et al. (1978) reviewed experi
mental conditions known to affect 
experimental results concerning oil 
pollution studies. 

Invertebrates 

Planktonic invertebrates are 
locally affected by crude oil but 
the overall impact on a large system is 
generally minimal and recovery rates are 
rapid. Conversely, benthic inverte
brates can be devastated and recovery 
can be very slow (Hyland and Schneider 
1976), One reason for the difference is 
greater mob il ity 0 f pI anktonic and 
organisms. A second reason is that 
benthic organisms have more contact 
with, and may even feed on, contaminated 
sediment (e.g.) Roesijadi et al. 1978; 
Gilfillan and Vandermeulen 1978; Stain
ken 1978). Thirdly, the sediments 
remain contaminated for a longer period 
of time than does the pelagic zone 
(Prouse and Gordon 1976). Fourthly, a 
major portion of the oil entering 
marine systems (especially coastal 
areas) "becomes incorporated into the 
sediment and thus contacts the benthic 
organisms (Prouse and Gordon 1976). 

Although oil pollution impacts are 
less for zooplankton than for benthic 
organisms, local short-term impacts can 
be substantial. Wong et a1. (1981) 
studied the effects of pelagic oil 
pollution on the freshwater daphnia, 
Daphnia pulex. Oil, in two forms, 
affected this filter feeding animal. 
The first form was oil broken up by wave 
action and dispersed within the water in 
particles of sizes similar to phyto
plankeon (i.e OJ 10-100 Ilm), and the 
second was oil which had previously 
been assimilated by phytoplankton and 
subsequently ingested by the daphnia. 
Effects of the small dispersed crude oil 
particles on the daphnia were specif
ically studied by Wong et al. (1981). 
They found that oil exerted a direct 
toxic effect on the metabolism of the 
daphnia and interfered with the animal's 
normal feeding activit ies by physically 
clogging filtered appendages. Oil 



weathered for 24 hours had approximately 
50 percent of the detrimental effect of 
the fresh oil (Wong et ale 1981). Oil 
concentrations of up to 5 ppm had no 
effect on the survival of individual 
daphnia, but concentrations as low as 1 
ppm of both fresh and weathered oil 
reduced the daphnia I s fecundity. 
Concentrations of fresh oil of 50 and 
100 ppm resul ted in total mortal ity 
within 168 and 72 hours, respectively 
(Wong et ale 1981). 

Much of the oil entering an aquatic 
system ends up in the sediment and takes 
a long time to degrade. Prouse and 
Gordon (1976) suggested that the re
sponse of benthic organisms is the 
most accurate measure of the oil spill's 
impact. Furthermore, since the highly 
toxic compounds are not present for a 
long time period even in the sediment, 
but other hydrocarbons do persist, 
sub lethal effects on benthic organisms 
are potentially very important (Percy 
1977) • 

Prouse and Gordon (1976) determined 
the quantities of oil in the sediment 
which adversely affect the marine 
polychaete (Arenicola marina). Concen
trations of fresh oil (Kuwait Crude) in 
excess of 100 j.l g oil per gram. sediment 
force the polychaete to leave its 
borrows and cease feeding (this organism 
ingests sediment). Oil concentrations 
as low as 10 jJ g oil! g sediment reduced 
the rate of cast production, and pre
sumably f~eding activity. To put these 
concentration values in perspective, oil 
concentrations from 10 to 3,000 jJg!g 
sediment were found in areas impacted by 
the oil tanker Arrow 2 years after it 
stranded (Hargrave and Phillips 1975). 

The duration of sublethal effects 
on benthic invertebrates was illustrated 
by a study on a marine soft-shelled clam 
by Gilfillan and Vandermeulen (1978). 
Six years after the original contamina
tion, the clam population was st ill 
below normal. Tissue concentrations of 
hydrocarbons were as high as 200 jJg! g 
tissue, and growth rates were below 
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normal. The authors did not predict how 
much longer these detrimental sublethal 
effects would persist. 

An amphipod (Anisimus affinis) had 
the ability to distinguish between 
uncontaminated and lightly oiled sedi
ments, and it selected the uncontami
nated sed iment. However, when the 
sediment was heavily oiled the amphi
pod's chemoreceptive abilities were 
impaired to the extent that selective 
abilities were lost (Percy 1977). 
Thus in a lightly oiled environment the 
amphipod might survive by selective 
movement and feeding, but with more oil 
it probably could not persist. Another 
amphipod and two isopod species were 
also tested but lacked the ability of 
the Anis imus affinis to d ist inguish 
between oiled and unoiled sediment 
(Percy 1977). 

Vertebrates 

Fish and bird kills resulting from 
oil spills attract media attention, but 
with the possible exception of benthic 
fish kills, are poor indices to the 
overall environmental damage. A portion 
of the pelagic fish population can 
emigrate from an area impacted by 
petroleum and recolonize the same area 
after natural weathering processes 
(which are fairly rapid in the open 
water) make the area suitable again. In 
contrast, benthic fish are less apt to 
migrate and their intimate contact with 
sediment (where contaminat ion persists 
for years or decades) makes them more 
susceptible to oil pollution (Hyland and 
Schne ider 1976). 

Some marine birds are also sus
ceptible to oil pollution for the 
following reasons. First, they are 
often weak flyers and not prone to 
emigrate from the area (e.g., auks and 
penguins). Second, they are gregarious, 
therefore, a large local population can 
be affected at once. Third, many birds 
dive after prey and come in extended 
contact with oil. The following factors 
have been shown to cause oil pollution 



related deaths in birds. Disruption of 
feathers can lead to loss of buoyancy 
and possible drowning. Pneumonia can 
develqp after an oil coating on the 
feathers results in loss of insulation. 
Toxic oil can be ingested due to exces
sive preening and cause metabolic 
toxicity to the birds. Finally, starva
tion can be accelerated because the 
birds increase their body metabolism to 
maintain body heat concomitant wi th 
decreased food intake due to the oil 
pollution problem (Hyland and Schneider 
1976). Attempts to recover seabirds 
after oil pollution impacts an area 
have been largely unsuccessful (Clark 
1978). 

Concentrations of petroleum hydro
carbons that have affected several fish 
species have been determined in labora
tory bioassay tests. In a series 
of static bioassay tests involving 
numerous marine animals, fish were 
consistently among the most sensitive 
species to Cook Inlet Crude oil and No. 
2 fuel oil (Rice et al. 1976). Ninety
six hour TLm's ranged from 0.81 to 2.74 
ppm. of the hydrocarbons. The authors 
note that 24-hour TLm's were very nearly 
the same value as the 96-hour test 
because evaporation and biodegradation 
reduced the oil concentration later in 
the experiment (in fact, most of the 
damage was done to the fish within the 
first 2 hours). In another study, 
concentrations of the wa ter solub le 
fraction of a South Louisiana Crude oil 
were lethal to 50 percent of three Texas 
coast estuarine fishes (Menidia beryl
liona, Fundulus similus, and Cyprinodon 
variegatus) at concentrations of from 
8.7 and 19.8 ppm (Neff et al. 1976). 

Sub lethal effects of petroleum 
hydrocarbons on fishes are also an 
important consideration. The English 
sole (Parophrys vetulus) exposed to 700 
~g of Alaskan North Slope Crude oil per 
gram dry sediment for 4 months accumu
lated alkanes and aromatic compounds in 
its skin, muscle, and liver. Also many 
of the flatfish lost weight during the 
exposure and developed severe hepato-
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cellular lipid vacuolization. As 
the concentration of hydrocarbon de
creased in the experimental aquaria, 
tissue levels of hydrocarbon in the 
flatfish also decreased (McCain et al. 
1978). Stegeman and Sabo (1976) noted 
that petroleum hydrocarbon concentra
tions of less than 200 ppb altered the 
lipid metabolism of two fish local to 
the Cape Cod area, the implication being 
that sublethal effects were interfering 
with normal metabolic processes. 

Physical Factors Affecting 
Oil Weathering 

The physical environment at the 
site of an oil spill affects the degree, 
type, and duration of impacts. Impor
tant factors include climate (e.g., 
temperature and sunlight intensity); 
wind, waves or turbulence in the en
vironment, and substrate type. 

The climate of an area can have 
profound effects on the severity 
of an oil spill; especially when con
sider ing the dura t ion 0 f impac t . 
In general, oil pollution problems are 
more devastating and of longer duration 
in colder climates (Rice et al. 1976). 
Low temperatures slow oil ~eathering by: 
1) Reducing oil biodegradation rates and 
thus making harmful hydrocarbons more 
persistent (Atlas et al. 1978; Rice et 
al. 1976; Atlas and Bartha 1972). 2) 
Increasing the solubility of some 
hydrocarbons. Gordon et al. (1973) 
found oil concentrations to decrease by 
a factor of two when the water tempera
ture was raised from l-2°C to 19-21 o C. 
In part, thi s may have been due to 
reduced evaporation at lower tempera
tures (Atlas and Bartha 1972). 3) 
Restricting evaporation of the highly 
toxic lighter hydrocarbons if ice forms 
over an area impacted by an oil spill. 
Atlas et al. (1978) found highly toxic 
light compounds to persist at least 3 
weeks in water under ice. The same 
types of compounds evaporate within 24 
hours without the ice cover (Kauas and 
Hutchinson 1975). 4) Life cycles of 



biota in cold climates tend to be longer 
than in warm climates, thus the recovery 
of populations 0 f aquat ic organisms 
requires more time after destruction 
by an oil spill (Hyland and Schneider 
1976 ). 

Sunlight is a climatic factor which 
may have subtle, yet potentially 
important, effects on the impact of an 
oil spill. Exposure of oil to sunlight 
may convert the original hydrocarbons 
into forms much more destructive to 
pelagic biota (Larson et ala 1976, 1977, 
1979; Lee et a1. 1978). Resulting 
compounds include peroxides, carbonyls, 
phenols (Larson et ala 1976, 1977), and 
various organic acids (Larson et ala 
1979) • The longer the duration 0 f 
radiation, the greater the concentration 
of these compounds. Larson et ala 
(1979) suggest that these toxic com
pounds are formed as 1 ight catalyzes a 
reaction which incorporates oxygen 
into the hydrocarbon. Oxygen necessary 
for the reaction is concentrated on the 
oil slick surface by nonpolar liquids 
in the oil (Larson et a1. 1976). 
Compounds resul ting from the photo
oxidation reaction are not necessarily 
more toxic to aquatic organisms than 
their precursors but their solubility is 
greatly increased due to a greater 
polarity so pelagic organisms are more 
directly exposed to the toxic components 
(Larson et ala 1979). In a series of 
bioassay tests, toxic effects on yeast 
resulted at concentrations of photooxi
dized hydrocarbons less than 10-4 M. 
Toxic concentrat ions resul ted after 
15-24 hours of irradiation (Larson et 
a1. 1976). Lee et a1. (1978) found 
photooxidation to be an important 
removal mechanism for heavier aromatic 
compounds. For example, up to 50 
percent of the initial concentration of 
benzo(a)pyrene was photooxidized within 
17 days in in-situ enclosures. 

Wind intensity and duration also 
have important effects on petroleum 
degradation and transfer in aquatic 
systems. Wind increases the rate of 
hydrocarbon volatilization. Since the 
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hydrocarbons most susceptible to evapor
at ion are those which are most toxic, 
their rapid evaporation lessens detri
mental impacts on the biota (At las et 
a1. 1978). Increased wind also causes 
increased turbulence and greater oil 
dissolution (Michael and Brown 1978; 
Boylan and Tripp 1971; Gordon et al. 
1973). Dissolved hydrocarbons are 
largely responsible for the detrimental 
effects on pelagic organisms, so short
term increases in toxicity might result 
from winds. Wind also tends to break up 
surface oil slicks, mix small particles 
of oil into the water, and thus can be 
detrimental to filter feeding zooplank
ton (Wong et ala 1981). The length of 
time particulate oil remains dispersed 
in the water depends on the particle 
size, its specific density, water 
temperature, and degree of water turbu
lence. Stokes f Law can be used to 
predict particle residence time in the 
water column (Gordon et ala 1973). 
Wind can also transport oil contaminated 
sediments to different locations in the 
water body, having the effect of 
lessening peak concentrations of oil but 
spreading the pollution over a larger 
area (Myers 1976). Sediment-petroleum 
interactions will be reviewed in greater 
detail in a later section. 

Waves, created by thermal currents 
and wind, also have a significant 
effect on the degree and' type of en
vironmental damage caused by oil pol
lution. Waves tend to break up and 
disperse oil and place it in contact 
with the sediment (Owens 1978; Southward 
and Southward 1978; Mann and Cl ark 
1978). Many of the considerations 
concerning oil pollution and wind, 
reviewed above, also apply to oil 
pollution and waves. 

In short, environmental conditions 
influence reaction rates and the degree· 
of hydrocarbon transfer between reser
voirs within the aquatic system (Kolpack 
and Plutchak 1976). In this context 
"reservoirs" refer to the water sur
face, water column, bottom sediment, 
atmosphere, and near shore zone of 
the water body. 



Mechanisms of oil Weathering 

Mechanisms by which petroleum' 
hydrocarbons are weathered in aquatic 
ecosystems include; evaporation or 
volatil ization, dissolution, sedimenta
tion and sediment transport, and bio
degradation. 

Evaporation 

Evaporation of highly volatile, and 
usually highly toxic, compounds from oil 
spilled in aquatic environments is a 
critical phase of weathering which 
renders remaining oil less toxic (Van
dermeulen and Ahern 1976; Atlas et ale 
1978; Knap and Williams 1982; Michael 
and Brown 1978; MacKay and Wolkoff 
1973). Vandermeulen and Ahern (1976) 
cite evaporative losses of No. 2 fuel 
oil and Kuwait Crude in bioassay 

·flasks of up to 90 percent in 2 weeks. 
Atlas et ale (1978) report more con
servative loss estimates of 22 percent 
for Prudhoe Bay oil in the first month 
in an arctic environment. In laboratory 
experiments, Knap and Williams (1982) 
observed a 15 percent decrease of 
hydrocarbons in aqueous medium after 
24 hours, and a 30 percent decrease 
after 40 days. With aeration, hydrocar
bon losses increased to 60 percent. 
Lee et ale (1978) reported different 
rates of evaporative loss for different 
hydrocarbons in aqueous medium. Highly 
volatile hydrocarbons (e.g., benzene, 
toluene, ethylbenzene, xylene, and 
trimeth-ylbenzene) were present 1 day 
after a simulated spill of aromatic 
hydrocarbons but absent after 3 days. 
Less volatile hydrocarbons (e.g., 
naphthalene, methylnaphthalene, dimeth
ylnaphthalene, anthracene, fluoranthene, 
benz(a)anthracene, and benzo(a)pyrene) 
decreased exponentially throughout the 
l7-day experiment. The latter compounds 
had half lives of 3 to 6 days in solu
tion (Lee et ale 1978). For heavy oils 
(e,g., No.5 fuel oil with component 
hydrocarbons of. more than 15 carbdn 
atoms) evaporative losses are of minimal 
importance to the weathering of oil 
spills in the natural environment 
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(e.g., Cretney et ale 1978; Shelton and 
Hunter 1974). 

The most rapid evaporation is 
for volatile, low weight hydrocarbons 
with 1 ess than 20 carbon a toms per 
molecule (Vandermeulen and Ahern 1976; 
Knap and Williams 1982). For the 
refinery effluents into an estuarine 
environment studied by Knap and Williams 
(1982) hydrocarbon loss within the first 
24 hours was confined to aliphatic and 
low weight aromatic compounds, Cretney 
et a1. (1978) reported evaporation of 
n-alkanes and light aromatic oil 
fractions during the first 5 days of a 
No. 5 crude oil spill on the British 
Columbia coast. 

In summary, evaporation is a 
critical detoxifying step of petroleum 
weathering, especially for oils with a 
substantial low molecular we ight frac
tion. For such oils a substantial part 
is lost by evaporation, and the most 
toxic compounds are lost first. 

Dissolution 

.Dissolution of hydrocarbons from 
surface oil slicks is generally fairly 
limited and selective; aromatic com
pounds are less hydrophobic than ali
phatic so go into aqueous solution more 
readily (Gearing et ale 1980; Kauss and 
Hutchinson 1975). The dissolution of 
low molecular weight (Cl-C4) and vola
tile liquid hydrocarbon (C5-CI4) was 
studied from a subsurface oil spill in 
the Gul f 0 f Mexico. Direc tly under 
the spill, the concentration of volatile 
liquid hydrocarbons reached only 400 
~g/l and dissipated quickly by evapora
tion. Within 21 miles of the oil slick, 
all hydrocarbons with 12 or fewer carbon 
atoms in their molecule were lost 
(Brooks et ale 1981). The highest 
reported concentration of dissolved 
hydrocarbons located by this literature 
survey was 800 ~g/l, and it occurred 25 
cm under a 2-day oil slick (Gordon 
and Prouse 1973). 

Although 
solution are 

hydrocarbons 
detrimental 

in aqueous 
to pelagic 



organisms) weathering processes occur 
faster When the oil slick is dispersed. 
Chemical dispersants are sometimes used 
to break up oil spills by causing 
hydrocarbons to become more soluble and 
thus more quickly weathered and easily 
transported from the impacted site 
(McAul iffe et a1. 1980). Increased 
apparent aqueous solubility of hydro
phobic organic compounds also can result 
if dissolved organic matter is present 
in the water and becomes bonded (or 
associated) with the hydrocarbons. In 
one study) fulvic acid in a marine 
system increased the solubility of 
several alkanes (hexadecane) eiosane) 
and pristane) but did not affect the 
solubility of the aromatic compounds 
(phenanthrene and anthracene) investi
gated. The increased solub il ity 0 f 
hydrophobic organic compounds is a 
result of the surfactant characteristics 
of dissolved organic matter. Hydro
phobic sites (e.g.) alkyl chains) of the 
hydrocarbon become associated with the 
natural organic matter resulting in a 
complex held in solution as a colloidal 
dispersion (Hassett and Anderson 1979). 

Two important petroleum. weathering 
mechanisms) evaporation and sedimenta
tion, which tend to counteract dissolu
tion are reviewed separately. 

To summarize, crude oil dissolution 
into water causes higher toxicity to 
pelagic organisms but increases the rate 
of oil weathering. In general, aromatic 
compounds are more soluble than ali
phatic compounds of similar molecular 
weight, although artificial or natural 
dispersants alter the relative solubili
ties. 

Sedimentation 

Long-term effects of accidental oil 
spills on aquatic systems may primarily 
depend on the amount of oil adsorbed 
onto sediment particles and incorporated 
into the bottom sediment (Zurcher and 
Thuer 1978). Mechanisms by which oil 
hydrocarbons reach the sediment in
clude: 1) hydrocarbon adsorption onto 
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suspended sediment Which subsequently 
sinks to the bottom (Gearing et al. 
1980), 2) agglomeration of suspended oil 
particles into larger particles which 
sink (Zurcher and Thuer 1978), and 3) 
ingest ion of oil part ic les, or oi 1 
contaminated particles, by zooplankton 
followed by sedimentation of the ani
mal s I excre ta (Lee 1976; Corner and 
Harris 1976; Wong et a1. 1981; Conover 
1971 ) • 

Disturbed sediments absorb dis
solved oil from an aqueous solution and 
have a cleansing effect on the water in 
the proximity of the spill (Myers 1976; 
Teal et ale 1978; Gearing et ale 1980). 
Adsorption of hydrocarbons onto sediment 
from the aqueous phase is rapid (Knap 
and Wi 11 iams 1982 ) , Zurcher and Th tier 
(1978) determined that the amount of oil 
adsorbed onto kaolinite clay suspended 
in water reached a constant value after 
10 minutes of exposure in experimental 
flasks. In another laboratory study, 95 
and 99 percent of the hydrocarbon 
adsorpt ion on sediment occurred wi thin 
18 hours after the oil was added at low 
and high concentrations, respectively 
(Knap and Wi 11 iams 1982). Seventy 
percent of the oil added by Knap and 
Wi 11 iams (1982) was recovered from the 
sediment after the experiment. 

Equil ibrium isotherms, such as 
Freundlich isotherms) were success
fully used to describe the adsorption of 
substituted polynuclear hydrocarbons 
onto sediment particles (Mean et al. 
1982) • Other studies found a limit to 
the amount of hydrocarbon that can be 
adsorbed by sediment (Knap and Williams 
1982; Zurcher and Thuer 1978), Zurcher 
and Thiier (1978) reported that 20 mg/l 
of kaolinite clay adsorbed 4 ug/l 
hydrocarbon in their experimental 
system. 

Factors Which determine the rate 
and exxent of hydrocarbon adsorp
tion onto sediment include: organic 
matter content on the sediment (Myers 
1976; Mean et a1. 1982; Knap and Wil
liams 1982), sediment grain size (Myers 



1976), and the hydrocarbon compounds 
involved (Zurcher and Thuer 1978; Knap 
and Williams 1982; Gearing et al. 1980). 
Increased organic matter content in
creases the sediment I s capac ity for 
hydrocarbon adsorption (Myers 1976; Mean 
et al. 1982; Knap and Williams 1982) 
although the mechanism is unknown (Mean 
et al. 1982). Myers (1976) reports that 
equal weights of smaller-sized suspended 
particles sorbed more hydrocarbons than 
larger-sized particles. The difference 
is probably mostly due to the larger 
surface area for a given weight of the 
smaller sediment particles, although 
mineralogical factors might also be 
important. The type of hydrocarbon is 
extremely influential on the degree of 
its adsorption onto sediment. Gearing 
et al. (1980) found that less soluble 
hydrocarbons were preferentially removed 
by sediment adsorption. Sedimentation 
removed 50 percent of the relatively 
insoluble, saturated hydrocarbons but 
only 20 percent of more soluble aro
matics. In general, aliphatic hydr07 
carbons adsorb more readily onto 
sediment than aromatics because the 
hydrophobic nature of many aliphatic 
compounds makes their attraction to 
sediment more powerful than their 
solubility in water (Knap and Williams 
1982). Low values for heats of adsorp
tion indicate weak, nonchemical attrac
tions between the hydrocarbons and 
minerals, but even this weak attraction 
favors a hydrocarbon-sediment inter
action over a hydrocarbon-water associa
tion (Myers 1976)~ 

Agglomeration is another mechanism 
by which petroleum is deposited in the 
sediments underlying aquatic systems. 
Oil dispersed through turbulence is 
drawn into droplets by interfacial 
tension. The oil particles then ag
glomerate, sink to the bottom, and 
become entrapped in the sediments 
(Zurcher and Thuer 1978). 

Zooplankton ingestion of oil, or 
oil contaminated particles, can lead to 
oil sedimentation via the animals feces. 
Conover (1971) estimated that as much as 
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10 percent of the No. 2 fuel oil re
leased into Chedubucto Bay after the 
grounding of the tanker Arrow was 
associated with zooplankton. The feces 
of the zooplankton contained up t07 
percent oil. Conover (1971) calculated 
that 20 percent of the particulate 
oil in the bay was sedimented inside of 
the zooplankton's feces. 

Important environmental conse
quences are associated with petroleum 
sedimentation. Whereas sedimentation 
may lessen adverse effects in the 
pelagic zone by removing hydrocarbons, 
it prolongs the impact of an oil spill. 
Biodeg radat ion 0 foil wi thin the 
sediment zone is slower than that in the 
open water (Prouse and Gordon 1976). 
Additionally, oil may be leached back 
to the water, making the sediment a 
chronic source of oil pollution (Teal et 
al. 1978). Benthic invertebrates, which 
are key components of most aquatic 
systems, are often adversely affected by 
ingestion, or even contact with, petrol
eum contaminated sediments (Hyland and 
Schneider 1976; Prouse and Gordon 
1976) • 

Petroleum biodegradation 

The petroleum not removed by the 
above processes is ultimately dissipated 
by the process of biodegradation. The 
amount of oil remaining to be degraded 
biologically depends on climatic 
factors of the environment (e.g., 
temperature, wind and radiant energy 
intensities), physical energy input to 
the system, and original oil composition 
(e.g., Lee et al. 1978; Atlas et al. 
1978; Mann and Clark 1978; Owens 1978; 
Larson et al. 1976, 1977, 1979). The 
above factors control other oil weather
ing processes of the petroleum such as 
evaporation, sedimentation, photooxida
tion, and dissolution. Factors affect
ing the rate and extent of petroleum 
biological degradation include: temp
erature, aeration, agitation, and 
nutrient availability (particularly 
nitrogen and phosphorus) (Blumer and 
Sass 1972; Atlas et al. 1978; Colwell et 
al. 1978). . 



Biodegradation of oil is a slow 
process. After the processes of evapo
ration, dispersion, and sedimentation 
occur, biodegradation is largely con
fined to the sediment. Most of the 
activity is at the sediment-water 
interface and biodegradation essentially 
ceases in anaerobic sediment (Lee 1976). 
Blumer and Sass (1972) found that oil 
penetrated 7.5 em into the sediment of 
Buzzard Bay, Mass., 2 years after a No. 
2 fuel oil spill. Biodegradation was 
minimal below 2 em into that sediment 
due to oxygen limitation (Blumer and 
Sass 1972). Many hydrocarbons in 
petroleum persist in the sediments for 
years or even decades (Myers 1976; 
Gearing et ale 1980; Teal et ale 1978). 

Bacterial biodegradation selective
ly removes certain compounds of oil 
before others. Blumer and Sass (1972) 
reported decreasing rates of hydrocarbon 
degradation from n-alkanes to iso- and 
cyclo-alkanes and finally to aromatic 
hydrocarbons over 2 years at Buzzard 
Bay, Mass. Cretney et ale (1978) noted 
that n-alkanes were completely removed 
from a system during the first year 
after an oil spill whereas cyclo-a1kanes 
persisted. Nonalkane compounds with 
from 28 to 36 carbon atoms were the 
least susceptible to biodegradation over 
4 years (Cretney et ale 1978). Although 
aromatic compounds are resistant to 
rapid degradation (Knap and Williams 
1982), there is ample evidence that 
bacteria are capable of oxidizing simple 
rings such as benzene and benzo(a)
pyrene; evidence for the biodegradation 
of more highly condensed aromatic rings 
is uncertain (Gibson 1976). Colwell et 
ale (1978) suggest biodegradation is 
less important for aromatic compound 
weathering than for aliphatic weather
ing. Most aliphatic compounds eventual
ly biodegrade; but evaporation is 
probably more important as an ultimate 
dissipation mechanism of aromatic 
compounds (Colwell et ale 1978). 

Aromatic compounds are particularly 
long lived in the sediments (Myers 1976; 
Gearing et ale 1980; Teal et ale 1978). 

13 

Long-term removal has been shown to be 
due to diffusion, water solubilization, 
and evaporation as well as microbial 
oxidation by Teal et a1. (1978) who also 
studied the fates of two and three 
ringed aromatic hydrocarbons over a long 
time period in the sediment of Buzzard 
Bay, Mass., after a No.2 fuel oil 
spill. They determined lighter weight 
aromatic compounds dissipated from the 
sediment more rapidly than heavier, more 
substituted aromatics. In fact, some of 
the heavier aromatics actually increased 
in concentration at some sediment 
depths, probably due to some type of 
vertic"l migration (Teal et ale 1978). 

Although sediment degradation of 
petroleum hydrocarbons is slow, it 
begins immediately after an oil spill 
(Gearing et a1. 1980). Atlas et a1. 
(1978) noted light weight hydrocarbons, 
which would have evaporated from the 
water column in days, remained in the 
sediment 2 months after an oil spill. 
However, notable changes of sediment 
hydrocarbon composition demonstrated 
that weathering was occurring (Atlas et 
a1. 1978). 

The formation and sedimentation of 
tar balls severely slows oil biodegrada
tion (Colwell et ale 1978). The greater 
surface to volume ratios of the larger 
particles reduce the biologically active 
surface and can cause oxygen and nutri
ent limitations beneath the tar ball 
surface. Additionally, the tar balls 
can form an asphalt-like outer cover 
which is resistant to microbial oxida
tion (Colwell et ale 1978). 

Importance of Decomposing Aquatic 
Plants in Lakes 

The decomposition of vascular 
aquatic plants can have a substantial 
environmental impact and be a major 
regulatory agent on lake ecosystems, 
especially in lakes with a high propor
tion of littoral area (Howard-Williams 
and Lenton 1975). Three ways in which 
decomposing aquatic plants are important 
to a lake will be reviewed. First, 



nutrient regeneration caused by macro
phyte decomposition can provide a 
substantial amount of inorganic nutri
ents to the rest of the lake (Carpenter 
1980). Second, the decomposing macro
phytes can place a very significant 
oxygen demand on a lake system. Third, 
decomposing plant material and their 
attendant microbial population are the 
maj or energy source for a number of 
important heterotrophs. 

Aquatic vascular plants "pump" 
nutrients from the lake's sediments to 
the water, thus being a significant 
agent in the lake's internal nutrient 
cycling process (Barko and Smart 1980; 
Howard-Williams and Lenton 1975). 
Several studies have confirmed the 
importance of the role of aquatic plant 
roots in absorbing nutrients from the 
sediments and trans locating them to the 
biomass above (e.g., Demarte and Hartman 
1974; McRoy et al. 1972; Bristow and 
Whitcombe 1971; Best and Mantai 1978; 
Carignan and Kaulff 1980; Nichols 
and Keeney 1976). Other studies have 
shown that even when there are nutrients 
available in the lake f s water, the plant 
preferentially obtain nutrients from the 
sediment (Bristow 1975; Bole and Allan 
1978) • The reduc ing nature of most 
subsurface lake sediments causes nutri
ents, such as phosphorus, to be in a 
soluble form easily taken up by plants 
(Barko and Smart 1980). If the lake 
water is not anaerobic, an oxidized 
microzone at the sediment surface 
prevents these nutrients from becoming 
available to the lake proper by dif
fusion from the sediments (Mortimer 
1941, 1942). 

Barko and Smart (1980) studied the 
nutrient release patterns of three 
aquatic macrophytes (Egeria densa, 
Hydrilla verticillata, and Myriophyllum 
spicatum) which were fully capable of 
deriving their phosphorus requirement 
exclusively from the sediment. They 
determined that phosphorus release 
occurred primarily when the plants 
decomposed, so nutrient excretion by 
living plants was relatively unimpor
tant. With a macrophyte cover of 25 
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percent (low for many littoral regions) 
and complete decomposition of the 
plants, internal loading of phosphorus 
was 0.60-1.05 glm2 for E. dens a , 0.1-
0.5 g/m2 for H. verticillati, and 0.15-
1.6 g/m2 for M. spicatum. The higher 
values for these plants are comparable 
to external phosphorus loading rates 
into many eutrophic lakes (Barko and 
Smart 1980). Phosphorus load ing to 
Goose Lake, Iowa, from decomposing Typha 
glauca during the first 525 days of 
decomposition was 0.1 g/m2, and for 
nitrogen 7.1 g/m2 (Davis and Van der 
Valk 1978). 

Macrophyte decay in Lake Wingra, 
Wisconsin, accounts for 50 percent of 
the observed dissolved total phosphorus 
flux between the littoral and pelagic 
zone of the lake (Carpenter 1980). Thus 
macrophytes, upon decay, are an impor
tant source of phosphorus not only to 
biota in the littoral region but in the 
pelagic zone as well. Seventy-five 
percent of phosphorus in the dominant 
macrophyte, Myriophyllum spicatum L., is 
derived from the sediment in Lake Wingra 
(Carpenter 1981). Therefore, rooted 
macrophytes are an important link to 
sediment .phosphorus which would other
wise be sealed from the lake proper. In 
fac t, Carpenter (1981) states that the 
overall metabolism of Lake Wingra is 
linked to the release of dissolved 
organic carbon and dissolved total 
phosphorus from the littoral region. 

Howard-Williams and Lenton (1975) 
also stress the importance of aquatic 
macrophytes in a large, shallow African 
lake. They consider the littoral plants 
of this lake as a major nutrient reser
voir for the rest of the lake. Often 
nutrients are released early in the 
decomposition cycle but immobilized 
later. However, the net effect during 
decomposition is nutrient release as 
observed in Lake Chilwa of Malawi, 
Africa (Howard-Williams and Howard
Williams 1978) and other lakes for which 
this has been studied (e.g., Carpenter 
1980, 1981; Jewell 1971; Howard-Williams 
and Davies 1979). 



Nutrient release from decomposing 
plants is unevenly spaced over the time 
period of decomposition. Generally, 
release rates are very high init ially 
but later drop (Howard-Williams and 
Junk 1976). OVer 50 percent 0 f the 
total phosphorus stock of Potamogeton 
pectinalius was lost during the first 
7-15 days of decomposition in Swartulei, 
an oligotrophic Southern African coastal 
lake (Howard-Williams and Davies 1979). 
The authors hypothesize, based on this 
and other studies, that decomposing 
macrophytes are more likely to act as a 
nutrient source in oligotrophic than in 
eutrophic lakes. Jewell (1971) reported 
initial nutrient regeneration rate of 
4.9 and 5.8 percent per day for nitrogen 
and phosphorus, respectively, from 
various aquatic macrophytes in a labora
tory study. Here, regeneration rate is 
defined as the percent of nutrients 
released from the plant material rela
tive to the total available amount at 
the onset of decomposition. Sudo et 
ale (1978) also reported high initial 
nutrient release rates for decomposing 
plants of the Tama-gawa, a shallow river 
running through Tokyo. Total phosphorus 
and total nitrogen regeneration rates 
were 75 and 62 percent, respectively, 
for the first 50 days of decomposition. 

Phosphorus is more rapidly released 
from decaying plants than nitrogen 
because nitrogen is immobilized by the 
decomposing microorganisms for growth 
(Nichols and Keeney 1973), Although 
nitrogen is more often limiting to 
decomposers (Parnas 1975; Nichols and 
Keeney 1973; Carpenter and Adams 1979; 
Anderson 1973), phosphorus limits 
overall productivity in most lakes 
(e,g., Wetzel 1975). Thus phosphorus 
regeneration via decomposing macrophytes 
can substantially affect lakes produc
tivity. 

Macrophytes exert a biological 
oxygen demand on the lake or river in 
which they are decomposing (Jewell 1971; 
Sudo et al. 1978). The aquatic plants 
studied by Jewell (l971) required from 
1.17 to 1.87 grams of dissolved oxygen 
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for each gram of plant material oxidized 
(the average was 1.30). Sudo et ale 
(1978) found an average oxygen require
ment of 1.20 grams per gram periphycic 
algae oxidized. During the initial 
stages of decay, the aquatic plant 
oxygen utilization rate was about 
half that of domestic sewage. Using 
this utilization rate and a plant 
density of 500 grams ash free weight per 
meter squared (not unreasonab Ie for 
littoral zones in lakes), Jewell (1971) 
calculated the initial oxygen demand 
from one hectare of lake area, if all 
plants began to decompose at once, to be 
comparable to raw domestic sewage 
from 24,000 people. Obviously, this is 
a "worst case" example, normally all 
plants would not begin decomposing 
simultaneously unless impacted by a 
highly toxic substance (e.g., a herbi
cide or perhaps a petroleum spill). The 
potential oxygen demand impact is 
illustrated by a small lake which was 
subject to herbicide treatment; 4 days 
after herbicide treatment the dissolved 
oxygen of the entire lake was zero, and 
the lake remained anoxic for 2 days 
(Jewell 1971). The environmental effect 
of this is not only on the present 
biota but is a long term impact through 
the release of undesirable reduced 
chemicals from the sediment (see Morti
mer 1941, 1942). 

A third important environmental 
consequence of decomposing aquatic 
plants is that they form detritus. In 
this sense detritus can be taken 
as the decomposing plant material plus 
its attendant decomposer microflora. 
Thi s detritus provides energy to a 
variety of aquatic macroinvertebrates 
(Lopez et al. 1977; Hargrave 1970a, b; 
Fenchel 1970, 1972). In turn, macro
invertebrates perform important ecosys
tem functions in lakes (see Werner 1979 
for a literature review) as well 
as being critical food items for higher 
trophic levels. In short, plant litter 
goes into the formation of detritus 
which has long been considered central 
to lake metabolism (e.g., Lindeman 1942; 



Odum 1971; Wetzel 1975; Rich and Wetzel 
1978). 

Factors affecting decomposition 
rates of aquatic plants 

Widely varying decomposition rates 
are presented in the 1 i terature for 
aquatic macrophytes. Some factors 
affecting the rate of decomposition are 
ambient temperature, nutrient avail
ability in the plant litter and its 
environment, biochemical composition of 
the plant 1 itter, particle size of the 
plant material, and the presence of 
macroconsumers. 

Temperature is a key factor deter
mining the rate of plant 1 itter decom
position because it regulates the 
activity of heterotrophic microorganisms 
(e.g., Bunnell et ale 1977; Flanagan and 
Bunnell 1975; Boyd 1970; Gosz et ale 
1973). In general, the rate of plant 
decomposition increases with increasing 
temperatures to an optimal temperature 
of 28 to 31°C after which the rate drops 
quickly (Carpenter and Adams 1979; 
Carpenter 1980). A convenient measure 
of rate differences due to temperature 
differences is the QIO value defined as 
(Kl/K2)10/Tl-T2, where "Kl n is the rate 
coefficient associated with temperature 
"Tl," and "K2 n is associated with "T2." 
Heterotrophic processes commonly have 
QIO values of 2.5 to 3.0 when tempera
tures are measured in degree centigrade 
(Carpenter and Adams 1979). A QIO of 
2.5 means that biological activity 
increases 9.6 percent per degree centi
grade. Carpenter and Adams (1979) 
found a QI0 of 3.0 for the decomposi
tion of M'triophy11um spicatum in Lake 
Wingra, Wl.sconsin. Recently it has 
become clear that a single Q10 value 
over wide temperature ranges inadequate
ly describes the effect of temperature; 
a degree change in one temperature range 
can have a different magnitude of impact 
on biological activity than a degree 
change in another range (see Thornton 
and Lessem 1978; Grenney and Kraszewski 
1981; Schneiter and Grenney in press). 
For this reason, a continuous function 
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relating decomposition decay coeffi
cients to temperature is desirable (see 
Carpenter and Adams 1'979; Carpenter 
1980) • 

Nutrient avail ab il ity is a second 
factor which influences the rate of 
plant decomposition. Howarth and Fisher 
(1976) found that by increasing nitrogen 
and phosphorus levels in the water 0 f 
stream micro ecosystems the rate of leaf 
decomposition was also increased. 
Nichols and Keeney (1973) determined 
that microorganisms decomposing Myrio
phyllum exalbescens in a labora tory 
experiment were nitrogen limited; and as 
soon as nitrogen became available, it 
was immobilized by the microorganisms. 
Nitrogen addition, as nitrate or organic 
nitrogen, stimulated decomposition of 
Myriophyllum spicatum but phosphorus 
addition had no effect (Carpenter and 
Adams 1979). Anderson (1973) and Parnas 
(1975) stressed nitrogen as the limiting 
nutrient in plant litter decomposition. 

The nitrogen content of the plant 
litter itself, along with nitrogen 
concentrations of the ambient medium, is 
considered important by many investiga
tors to the rate and completeness of 
decomposition (Carpenter and Adams 1979; 
Gosz et ale 1973; de la Cruz and Gabriel 
1974; Nichols and Keeney 1973). Car
penter and Adams (1979) found nitrogen 
content and water temperature to be the 
most useful parameters to predict decay 
rates of plant litter. Gosz et ale 
(1973) report increasing levels of 
nitrogen in litter to be well correlated 
with faster decomposition rates. The 
authors found that while phosphorus was 
rapidly leached from decomposing 
litter, much of the nitrogen was im
mobilized by the decomposers as soon as 
it was released from the plant litter. 
The result of nitrogen immobilization is 
a decreasing carbon to nitrogen ratio 
(C:N) through time. Boyd (1971) noted 
C:N ratios decreased from 26.7 to 11.3 
during the decomposit ion 0 f Juncus 
effusus. Nichols and Keeney (1973) and 
de 1 a Cruz and Gabriel (1974) al so 
report increases in nitrogen relative to 



other components in decomposing litter. 
In contrast, Hunter (1976) reported 
different trends for the C:N ratio 
through time for three plants (Chara 
contraria, Lemna minor, and Fucus 
vesicu10sus) and two habitats. Chara 
began with a high C:N ratio which 
decreased through time while Lemna 
ini t iall y had a low C: N ratio that 
increased through time. The C:N ratios 
for· Chara and Lemna converged to a 
single value toward the end of the 
decomposition cycle. The C:N ratio for 
Fucus decreased in two different hab i
tats, but to a greater extent in: one. 
Hunter (1976) concluded the plant 
nutritional values (for which the C:N 
ratio is an index.) converge as decom
position proceeds and the final C:N 
rat io may be more dependent on the 
nature of decomposer communities than 
the nature of the organic material 
undergoing decomposition. The C:N ratio 
of eelgrass (Zostera marina) remained 
constant throughout an entire decomposi
tion cycle (Harrison and Mann 1975b). 
Thus C:N ratio values are plant J time, 
and habitat dependent; and comparisons 
among sites and studies are difficul t. 
Smith and Douglas (1971) also concluded 
that the C:N ratio may not be a good 
index to decomposibi1ity or the stage of 
decomposition. Although nitrogen 
addition stimulated decomposition in 
every paper reviewed, C:N ratio trends 
through time are not consistent. 
Apparently ~ either all the nitrogen 
released from the litter of all plant 
species is not available to decomposer 
organisms or somehow the litter released 
nitrogen is not conserved at the site of 
decomposition. In either case, the C:N 
ratio may not be as valid an index of 
the stage of decomposition as sometimes 
claimed. 

The biochemical composit'ion of 
plants is quite variable (Adams et al. 
1973; Boyd 1968, 1969), and this affects 
the rate and completeness of the decom
position of the litter (Godshalk 1977). 
The biochemical composition of plants is 
largely dependent upon the plant species 
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plus environmental and seasonal factors 
(Boyd and Hess 1970). 

In part, biochemical composition of 
plants is a function of their growth 
form and habitat. For example, emergent 
aquatic plants (e.g., Typha) are not 
supported by an aqueous medium so 
require more supportive tissue than 
submerged (e.g., Potamogeton) or float
ing (e.g., Nuphar) aquatic plants 
(Godshalk 1977; Howard-Williams and 
Davies 1979). Supportive tissues are 
some of the most resistant tissues to 
biological degradation; therefore, 
emergent vegetation is expected to be 
more resistant to decomposition than are 
submerged aquatic plants. This is 
illustrated by the half-lives of several 
aquatic plants reported by Howard
Williams and Davies (1979) in a review 
of the literature. Half-life is that 
time required to decompose the first 
one-half of a given mass of plant litter 
and is defined as ''In 2/K" where "K" is 
the decomposition rate constant in days. 
In two African lakes, Typha (an emer
gent) had a half-life of 93 days and 

f ( , Potamogeton s a submergent) hal f-life 
was 3S days. Typha had a half-life of 
180 days in a South Carolina impoundment 
while Myriophyllum's half-life was 20-45 
days in Lake Mendota, Wisconsin. 
Harrison and Mann (1975 a) found the 
decay of structural carbohydrates to be 
the rate limiting step to the decomposi
tion of the emergent eelgrass, Zostera 
marina L. Almazan and Boyd (978) 
reported higher cellulose content in 
plant litter was correlated with lower 
rates 0 f decay. Cell ul ose content 
is 0 ften assoc iated wi th struc tural 
strength in plants. 

The effect of plant litter particle 
size, and the presence of macroconsum
ers on litter decomposition rates are 
related since macroinvertebrate activity 
is a major mechanism reducing the 
particle size of plant litter. Reducing 
the particle size increases the surface 
area on which decomposers can act; thus 
the rate of decomposition is increased 
(Fenchel 1970; Harrison 1977; Lopez et 
a1.1977). 



Macroinvertebrate activity also 
increases the rate of plant 1 itter 
decomposition by increasing the rate of 
critical nutrient turnover to the 
decomposers (e.g., Johannes 1964, 1968). 
Macroconsumers also graze bacteria 
populations which decompose litter, thus 
creating a physiologically younger and 
more active bacteria population which 
increases the rate of litter decomposi
tion (Harrison and Mann 1975a; Barsdate 
et al. 1974). 

Stages of decomposition 

Plant litter is considered to 
decompose in three phases; a leaching 
phase, biodegradation of the majority 
of plant material, and biodegradation of 
more refractory plant material (Godshalk 
and Wetzel 1978b). The first stage 
involves autolysis and leaching, during 
which highly solub Ie organic and inor
ganic material is physically washed from 
the litter (Golterman 1977; Boyd 1970). 
Up to 65 percent of organic material may 
be lost by leaching (Harrison and Mann 
1975a) although the amount is usually 
between 0 and 20 percent (e.g., Boyd 
1970; Davis and Van der Valk 1978; 
Godshalk and Wetzel 1978b; Howard
Williams and Howard-Williams 1978; 
Mason and Bryant 1975). The leaching 
period for aquatic plant litter may last 
from several hours to 20 days (Howard
Williams and Howard-Williams 1978; 
Godshalk and Wetzel 1978b). 

The second stage involves relative
ly rapid microbial oxidation of the 
majority of plant litter. The length of 
this stage varies from 3 months to over 
a year in temperate lakes, depending on 
biochemical make-up of the plant litter 
and environmental conditions (Jewell 
1971; Carpenter 1980; Boyd 1970, 1971; 
Godshalk and Wetzel 1978a). 

The final stage of decomposition 
involves slow oxidation of the litter's 
more" refractory material. The rate of 
decomposition asymptotically approaches 
zero (Godshalk and Wetzel 1978a), making 
the time requirement indefinite. The 
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percentage of plant litter falling into 
the refractory category has been re
ported at from 18.5 to 24 (Jewell 1971; 
Carpenter 1980), although in some cases 
plant litter decomposition is complete 
within a year inferring a small re
fractory portion (Howard-Williams and 
Davies 1979). 

Mathematical models describing 
plant litter decomposition 

Mathematical expressions have been 
used to describe the rate 0 f pI ant 
1 itter decomposition. The simpl est 
assumption is that the weight loss is a 
constant through time giving the linear 
model, 

where 

Wt is weight at time t 
Wo is weight at time zero 
C is a constant, describing the 

weight loss' per unit time 
t is time 

The decomposition of Phragmites communis 
and Typha angustifolia in the Norfolk 
Broad closely followed a linear model 
for 300 days following an initial 
leaching period during which the rate of 
weight loss was high (10-20 percent in 
30 days) (Mason and Bryant 1975). 
However, in most cases weight loss of 
plant litter has been approximately 
proportional to the quantity of plant 
litter remaining, rather than a constant 
through time. There fore, a s impl e 
exponential model is often used to 
describe litter weight loss through time 
(Jewell 1971; Hodkinson 1975; Carpenter 
and Adams 1979; Sudo et al.1978; 
Howard-Williams and Davies 1979). The 
equations describing such a model 
are: 

dw/dt = -KW 

where 

W is the plant litter weight 



t is time 
K is a coefficient defining the 

proportion 0 flitter decomposed 
per unit time 

Integrating Equation 2 from time zero to 
t yields: 

W = W e-Kt 
o (3) 

where Wo is the weight at time zero 
and all other terms have been defined. 

Saunders (1975) points out that 
decay rates should be second order 
reactions, depending upon the amount of 
plant litter substrate and decomposer 
enzyme concentrations, rather than first 
order as assumed by the simple expo
nential model. However, litter decom
position usually occurs in dense weed 
beds where enzyme concentrations are 
very high so the second order equation 
reduces to first order (Saunders 1975). 

Although the simple exponential 
model has been used with good success to 
describe litter decomposition rates, 
the assumed constant decay rate would 
only be true if the material being 
decomposed was homogeneous. Aquatic 
plants are not homogeneous (Adams et ale 
1973; Boyd 1968, 1969), and a constant 
decay rate through time should not be 
expected. Indeed, the simple expo
nential model often underestimates the 
early rate of plant decay (that stage of 
rapid decomposition of labile plant 
components and abiotic leaching) and 
overestimates decay rates later in the 
decomposition cycle when refractory 
material dominates the litter (Godshalk 
1977; Godshalk and Wetzel 1978a; Car
penter 1980). 

Several approaches have been used 
to remedy the problem associated 
with the simple exponential model. 
For example, several investigators have 
circumvented the problem of representing 
the slowly decomposing refractory 
portions of plant litter by assigning a 
certain percentage of the total plant 
mass to the refractory portion and not 
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considering that percentage in the 
simple exponential model (Jewell 1971; 
Sudo et al. 1978). The desc rib ing 
equations are 

dwi dt ... -K(W - £Wo ) (4 ) 

Integrating from time zero to "til 
yields: 

(5 ) 

where f is the refractory proportion and 
all other terms have previously been 
defined. Using this approach, the 
average value of "f" is approximately 25 
percent (Jewell 1971). In a large model 
constructed to predict nutrient input to 
Lake Wingra from decomposing plants, 
Carpenter (1980) used the simple expo
nential model (Equation 3) to describe 
plant decay but removed the litter from. 
consideration when the percent remaining 
fell below 18.5, the same principle 
employed in deriving Equation 5. 

Considering a portion of the plant 
litter as nonbiodegradable is unsatis
factory, because most of it will even
tually degrade, although slowly. The 
refractory material has some of the same 
ecological significances as the rest of 
the plant litter (e.g., dissolved oxygen 
consumption, nutrient regeneration, and 
energy supply for heterotrophs) but its 
effect is less in magnitude and longer 
lasting (see Reichle et ale 1975; Rich 
and Wetzel 1978). An additional problem 
with the above approach is· that the 
first portion (about 75 percent) of the 
plant material is still assumed to be 
homogeneous and follows a simple expo
nential model. 

A double exponential model (in 
which the first equation describes the 
more rapidly decomposing material and 
the second describes refractory mate
rial) has also been used (Bunnell et 
a1. 1977). Recorded data often fit 
well to the double exponential model, 
but the use of two coefficients, 
instead of any 0 ther number, is· ar
bitrary and biologically unfounded 



(Bunnell et ale 1977). Minderman (1968) 
improved on the doub le exponent ial 
approach by estimating a decay coeffi
cient for each important plant constit
uent (i.e., lignin, cellulose, sugars, 
hemicellulose, phenols, and waxes) and 
summing the results over the time period 
of decay. Since each constituent is a 
relatively homogeneous material, the 
basic assumption implied by the simple 
exponential model (i.e., an even decay 
rate through time) is not violated. By 
using chemical-specific utilization 
rates Minderman (1968) found he could , . 
predict plant litter decay rates well 1n 
cases where the simple exponential model 
failed. A problem with Minderman's 
(968) approach is that many detailed 
and d ifficul t chemical analyses are 
needed on the plant litte~. Another 
problem is that masking occurs when a 
relatively labile material is surrounded 
by a thin layer of refractory material 
impermeable to the decomposers, and 
results in a slower decomposition rate 
than predicted for the labile material. 

Bunnell et ale (1977) used Minder
man's concept to predict litter weight 
loss but added a dimension which made 
the 'model more applicable to field 
decomposition. They defined the rate of 
litter loss not only as a function of 
chemical-specific utilization rates, but 
also a function of how these separate 
rates were affected by temperature and 
moisture content. 

Godshalk (1977) developed a decom
position model which uses the simple 
exponential decay equation but has the 
added dimension of a decay coefficient 
which can also decrease exponentially 
through time. The following equatiolls 
describe Godshalk's (1977) decay coeffi
cient as a function of time: 

dK/dt == -aK (6) 

Integrating from time zero to "t" 
yields 

(7) 
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where 

Kt is the decay coefficient at 
time "t" 

Ko is the decay coefficient at 
time zero 

a is a constant term which de
scribes the reduction of K per 
unit time 

t is time 

Substituting Equation 7 into Equation 2 
and integrating from zero to t: 

Wt == Woe 
Ko/a(e-at - 1) (8 ) 

All of the terms have been de fined 
previously. Godshalk (1977) uses the 
simple exponential model, which has 
proven valuable in describing decomposi
tion of other studies, in a way that 
does ~pt make the assumption of a 
homogeneous material. Since the decay 
coefficient can change through time, the 
early period of rapid weight loss and 
the later period of decomposition due to 
refractory material can both be de
scribed equally well. Two coefficients 
describe the rate of decomposition 
through the entire decomposition 
cyc le. A summary of this model is 
presented in Figure 1. 

In summary, Minderman's (1968) and 
Godshalk's (1977) approaches are theo
retically sound. Both approaches build 
on the simple exponential model without 
making a faulty assumption concerning 
the homogeneity of plant litter. 
However, the two approaches have differ
ent applications. Minderman's (1968) 
approach is much more cumbersome, but 
lends itself to accurately predicting 
plant litter decay rates if the composi
tion of the plant is known. Godshalk's 
(1977) model is more easily used 
(the only data required are the propor
tions of plant remaining through 
time), but its two coefficients repre
sen tam u 1 tit u d. e 0 fen vir 0 nm e n tal 
and tissue-specific variables which are 
not easily separable from one another. 
Thus its predictive value is limited, 



but the model is easily and accurately 
used to compare decomposition of one 
treatment to another in decomposition 
stud ies . 

Uses and Limitations of Micro
cosms in Ecological Research 

In general, a microcosm is a 
simpl ified enclosed system designed to 
represent a portion of a natural eco
system. Microcosms are designed to 
allow control over the biologic al, 
chemical, and physical properties of the 
system. Design decisions are usually 
based on tradeoffs between creating a 
system which allows direct measurement 
of system properties to meet research 
goals and preserving characteristics of 
the natural system being represented by 
the microcosm important to the processes 

(K fa) (e -at - 1) 
W = W e 0 

t 0 

t is the variable time (days) 

being studied. Microcosms have ranged 
from very simple systems, e.g., labora
tory flasks filled with artificial 
medium and a few selected algal species 
(e.g., Taub and Crow 1980; Cheslak 1981) 
to large, complex in ~ enclosures 
encompassing total biological, chemical, 
and physical environments (e.g., de 
Noyelles et al. 1980; Elmgren et a1. 
1980). Objectives pursued through other 
microcosm studies have included: 1) 
as sessment of environmental impac ts of 
contaminants, toxicants, heavy metals, 
and potential carcinogens on aquatic 
s y stem s (e. g ., Po r c e 11 a eta 1. 1 975 ; 
Medine and Porcella 1981; Harte et a1. 
1980; Bowling et al. 1980; Dickson et 
al. 1982), 2) ecosystem modeling and 
analysis (e.g., Hill and Wiegert 1980; 
Heath 1980), 3) studying ecosystem 
functions such as photosynthesis, 
decomposition, and nutrient cycling 

(8) 

W
t 

is the litter weight remaining at time t 

W is the initial plant litter weight (one, if data are presented 
o 

as proportions) 

K is a parameter describing the initial rate of litter decomposi
o 

-1 
tion (days ) 

a is a parameter which defines the rate at which the decomposi-

-1 
tion rate changes through time (days ) 

Figure 1. Plant litter decomposition model developed by Godshalk (1977). 
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(Beyers 1963; Cooke 1967; Werner 1979), 
and 4) examining water-sediment inter
action (Whittaker 1961; Porcella et al. 
1975; Medine and Porcella 1981; Cowan et 
al. 1976; Stube et al. 1976; Dickson et 
al. 1982). 

For many purposes, the microcosm 
approach offers substantial advantages. 
Microcosms can be designed to be of 
a size and complexity which permits 
sufficient replicability for reliable 
statistical analysis of the problem at 
hand. The control exercised over the 
experimental units allows system manipu
lation without invoking unreasonable 
expense, or natural ecosystem damage. 
Direct measurements can be made without 
the complexity of confounding factors 
present in natural systems. Thus, 
causal relationships are more easily 
identified in the simplistic system of a 
typical microcosm study. Finally, the 
use of microcosms in ecological or 
environmental research allows for rapid 
assessment of the problem being studied. 
In this regard, microcosms are a valu
able tool in formulating hypotheses 
and/ or identifying productive areas of 
study that can then be pursued by field 
research. In summary, microcosms offer 
advantages over field studies for the 
following considerations; time, scale of 
experiment, repl ication, economic 
feasibility, parameter measurement 
feasibility, and control over the 
experimental environment (Leffler 
1980) • 

There are also problems and limita
tions associated with the use of 
microcosms for studying complex environ-
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mental problems. The use of microcosms 
requires an extrapo 1 at ion to "rea 1 
world" systems that must be tempered by 
an understanding of the assumptions made 
in designing the simplified system 
(Giesy and Odum 1980). King (1980) 
stresses that factors important to a 
process can often be readily identified 
in microcosm studies, but rate-effects 
of the factors on the process and the 
ext'ent of these e £fects are often quite 
different in a simplified, artificial 
mic rocosm sys tem than in a natural 
system. Another 1 imitation to the 
microcosm approach lies in the danger of 
excluding components which might affect 
the process being investigated. For 
example, physical energy used for mixing 
in microcosms is considered to be 
important to the physiology of plankton 
in aquatic systems (Nixon et al. 1979, 
1980>' 

In summary, results of microcosm 
studies must be interpreted with 
caution, and microcosms must only be 
used to study properties common to both 
the microcosm and the "real world" 
ecosystem. This statement, however, 
is not to diminish the utility of 
microcosms for studying a large set of 
environmental problems. Microcosm 
studies can provide direct and pro-
ductive ways of examining interactive 
processes limiting and/or controlling 
biological activity in aquatic systems. 
Microcosms are a very effective tool for 
tracing the effects of contaminants, of 
all types, on the overall structure and 
function of biological commun~t~es. 
Much of the work accomplished in this 
area would have been impossible without 
the microcosm technique. 



PART I 

MICROCOSM STUDY TO ASSESS CRUDE OILS IMPACTS 

ON AN ENTIRE ECOSYSTEM 

MATERIALS AND METHODS 

The major objective of this portion 
of the research was to determine impacts 
of two crude oils on a total laboratory 
freshwater ecosystem simulating actual 
lakes. Three-phase microcosms were used 
to contain the experimental ecosystems 
and crude oil was added after a complex 
biological community had developed. 
Bioassay tests were performed prior to 
microcosm experiments to determine 1) 
the degree of toxicity the crude oils 
being used had on a test photoautotroph 
and 2) to help assure oil dosages so 
high that they would totally inhibit 
photoautotrophic growth in the micro
cosms. 

Study Sites 

Two lakes potentially threatened by 
petroleum spills by energy development 
within the overthrust belt of the Rocky 
Mountain West were chosen as study sites 
for this research. Bear Lake (BL) is 
located on the Utah-Idaho border in the 
Wasatch Mountain Range and New Fork Lake 
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(NFL) is in the Wind River -Mountain 
Range of Western Wyoming. Bear Lake is 
within a limestone drainage and can be 
considered a hard water lake. Converse
ly, New Fork Lake is located in a 
granitic watershed and contains soft 
water. Thus the lakes have very differ
ent aqueous chemistries. Physical and 
chemical properties of the lakes are 
listed in Table 1. 

Bioassay Experiment 

Bioassay experiments were performed 
with Selenastrum capricornutum as the 
test algal species to assess the effect 
of several concentrations of South 
Louisiana Crude (SLC) and Wyoming Crude 
(WC) on algal growth. SLC was chosen as 
a test oil because it is a standard 
American Petroleum Institute crude oil 
often used in marine pollution studies 
and as such would provide a basis for 
comparing this research with marine 
studies. WC is a local oil that pro
vided insight on effects that could be 



Table 1. Physical and chemical properties of the two experimental lakes. 

Parameter 

Area (hectares) 
Maximum Depth (m) 
Total Alkalinity (mg/l as CaC03) 
Total Hardness (mg/l as CaC03) 
Calcium (mg/l as Ca++) 
Magnesium (mg/l as Mg++) 
Sodium (mg/l) 
Potassium (mg/l) 
Chloride (mg/l) 
Sulfate (mg/i) 
Total Phosphorus (~g/l) 
Total Inorganic Nitrogen (~g/l) 

Bear Lake 

28,500 
61 

265 a 

320 
69 
41 
39 

3 
46 
16 

7 
49 

New Fork 
Lake 

440 
43 
18 
20 
5.4 
1.6 

3 
1.5 
5.8 
8 

81 

awater chemistry values are average values taken from eight sites 
in BL in October 1979 and one site in NFL in November 1979. Analytical 
techniques are given in Appendix A. 

expected from an accidental spill at a 
drilling or transport site in the 
region. SLC was obtained from Dr. J. M. 
Anderson of Texas A & M University. WC 
was provided by Phillips Oil Company, 
Salt Lake City, Utah, its origin was the 
overthrust belt of Western Wyoming. 
Bioassay procedures as prescribed by 
Miller et ala (1978) were followed, with 
the exception that media simulating Bear 
and New Fork Lakes water chemistries 
were used rather than the recommended 
synthetic algal nutrient medium. 
Critical nutrient (N and p) levels in 
the media were as recommended. 

Two modes of oil injection and four 
oil concentrations were used for each 
oil type and each of the experimental 
lakes. Three replicates represented 
each t rea tment • The two mod es 0 f 
injection were direct application of oil 
and oil in suspension. Direct - applica
tion involved placing the prescribed 
quantity of oil directly on the water 
surface of individual bioassay flasks. 
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The suspension treatments were initiated 
by shaking a mixture of medium with a 
prescribed quantity of oil for 24 hours 
at 100 rpm, allowing the mixt ure to 
separate, and removing the aqueous 
portion for the bioassay experiment. 
Table 2 gives the oil concentrations for 
each injection mode and each crude oil. 
Those concentrations were chosen to show 
crude oils I effects at several concen
trations too low for complete growth 
inhibition on the alga. The oil 
concentration at which complete growth 
inhib ition occurred was determined in 
preliminary tests. 

Parameters tested were the alga IS 

maximum growth rate (~) and its maximum 
standing crop (x). ~ is defined as 

~ = • • • • • • • (9) 



Table 2. Concentrations of oil injected into Bear and New Fork Lake simulated me
dia to establish treatments for bioassay experiments. 

Injection 
Mode South Louisiana 

Oil 
Crude 

TIEe 
Wyoming Crude 

Direct 0 ml oil/.\'. medium 0 ml oil/.\'. medium 
0.08 ml oil/.\'. medium 0.08 ml oil/.\'. medium 
0.56 ml oil/9.. medium. 0.32 ml oil/9.. medium 
2.8 ml oil/.\'. medium 0.56 ml oil/.\'. medium 

Suspended 0 ml oil/9.. medium. 0 ml oil/.\'. medium 
1.0 ml oil/9.. medium. 1.0 ml oil/9.. medium 

10.0 ml oi1/9.. medium. 3.0 ml oil/9.. medium 
20.0 ml oil/.\'. medium. 6.0 ml oil/9.. medium 

where 

X2 ~s biomass at time t2 
xl is biomass at time tl 

X is defined as the highest biomass 
which occurs after which a 5 per
cent (or greater) per day increase in 
biomass does not take place (Cleave 
1979; USEPA 1971). Duncan's multiple 
range test was used in statistical 
analyses of the data as described by 
Cleave (1979). 

Microcosm DescriEtion 

A schematic of the microcosm used 
for this investigation is presented in 
Figure 2. Gaseous, aqueous, and sedi
ment phases were included in the micro
cosm. The microcosms were sealed 
systems; the gaseous phase had an 
interface with a 2.5 percent H2S04 solu
tion containing methyl red dye (Porcella 
et al. 1975). The acid solution pre
cluded gaseous exchange across the 
interface, and the dye clearly defined 
the position of the interface in the 
buret. 

All interior surfaces of the 
microcosms were either glass or teflon 
which eliminated the possibility of 

2S 

organic contamination from within the 
microcosm itself. A water driven 
magnetic stirrer continuously mixed the 
aqueous phase to fac il itate gaseous 
exchange across the gaseous-aqueous 
phase boundary and precluded stratifica
tion within the aqueous phase. Addi
tional information on this microcosm 
system are found in Dickson et al. 
(982) and on similar systems in Por
cella et ale (1975), Cowan et ale 
(976), Stube et a1. (1976), and Medine 
and Porcella (1981). 

External conditions 
of microcosms 

Microcosms were exposed to either 
continual darkness or a 16 hour light-8 
hour dark diurnal cycle throughout the 
experiment. Darkness was assured by 
enclosing the microcosms in a cab inet 
sealed against 1 ight • Light was pro
vided to the diurnal microcosms by 
Optima 50 fluorescent bulbs (Duro Test 
Corp.) connected to an automatic timer. 
Light intensity on the microcosms ranged 
from 510 to 590 iJ Einsteins/m2 s. The 
diurnal condition would include biota 
representative of the natural ecosystem. 
In contrast, the dark condition was more 
simplistic, only decomposers and chemo
autotrophs would be present. Data 
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Figure 2. Schematic of microcosm (from Dickson et ale 1982). 

analyses of the latter would be con
founded by fewer factors, and thus more 
certain, and could be used to help 
interpret results from the former. 

The microcosm experiments were 
conducted in a temperature controlled 
room at the Utah Water Research Labora
tory. Room temperature ranged from 
about 19 to 23°C during the New Fork 
Lake experiment and from 20 to 23°C 
during the Bear Lake experiment. These 
temperatures correspond to max~mum 

temperature in the lakes. 
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Experimental design 

The microcosm experiments simula
ting Bear and New Fork Lakes were 
performed at different times, but the 
initial experimental designs were 
identical for the two lakes. Dark 
and diurnal light conditions were in
eluded. Three treatments were estab
lished for each light condition. 
1) unoiled control microcosms, 2) 
microcosms exposed to South Louisiana 
Crude 0 il, and 3) those exposed to 
Wyoming Crude oil. Three replicates 



were initially provided for all diurnal 
treatments and one for all dark treat
ments. The three treatments were 
randomly assigned to the various micro
cosms. An outline of the various 
treatment conditions for the experi
mental microcosms are presented in Table 
3. 

Treatments were initiated by 
injecting 3.74 ml of one of the oil 
types through the bottom inlet port of 
the prescribed microcosm using a long 
needled hypodermic syringe. Treatments 
were established on day 42 of the 
experiment and responses of the micro
cosm ecosystem were analyzed for 
the following 48 days. Thus, the 
overall duration of a microcosm experi
ment was 90 days. Day 42 was chosen as 
the time to initialize treatments 
because gas product ion/ consumption had 
reached steady state conditions by that 
time. One microcosm for each diurnal 
treatment was dismantled during the New 
Fork experiment 20 days after treatment 

initiation to assess interim plant 
densities. However) all three repli
cates for each diurnal treatment 
were maintained throughout the entire 90 
day Bear Lake experiment. 

Set-up procedure for microcosm 

Natural lake sediments were col
lected for the sediment phase of 
the microcosms from the upper 15 cm of 
sediment surface in the littoral region 
of each lake. Collection sites were the 
western shore of Bear Lake near Fish 
Haven, Idaho, and approximately 200 m 
east of the boat ramp on New Fork Lake's 
northern shore. Sediments were trans
ported to the laboratory in 55 gal 
teflon lined drums and stored at 6·C 
until used. 

The entire collected sediment mass 
was completely mixed before being used 
in the microcosm study. The sediment 
phase was filled by weighing sediment 
aliquots of approximately 400 g and 

Table 3. Treatment assignments of various microcosms. 

Microcosm Light 
Number Condition 

1 Diurnal (16 hrs 
light-8 hrs dark) 

2 " 
3 u 

4 " 
5 " 
6 " 
7 " 
8 " 
9 " 

10 Dark 
11 " 
12 " 

aSouth Louisiana Crude. 
bWyoming Crude 

Bear Lake New Fork Lake 
Treatment Treatment 

S. La. Crude a S. La. Crude 

Control Control 
Wyo. Crudeb S. La. Crude 
S. La. Crude ControlC 

Wyo. Crude Wyo. Crude 
Control Control 
Control S. La. Crudec 
S. La. Crude Wyo. CrudeC 
Wyo. Crude Wyo. Crude 
S. La. Crude S. La. Crude 
Wyo. Crude Wyo. Crude 
Control Control 

CThese microcosms were dismantled for interim plant analyses 
20 days after treatment initiation. 
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placing these into individual microcosms 
until a final sediment weight of approx
imately 4.5 kilograms was achieved in 
each microcosm. Successive layers were 
placed in each microcosm before the next 
layer was placed in any microcosm to 
improve sediment homogeneity among 
m1crocosms. 

The aqueous phase of each microcosm 
was composed of an artificial medium 
which simulated the macrochemistry of 
the study lake. Chemical compositions 
of stock solutions and final medium for 
Bear and New Fork Lakes experiments are 
presented in Tables 4 and 5, respective
ly. Concentrations 0 f various consti
tuents in the final water for both 
lakes are in Table 6. The volume of 
medium initially added to the individual 
microcosms was measured and recorded. 
In addition to the artificial medium, 1 
liter of fresh lake water was added to 

Table 4. Simulated Bear Lake medium. 

Quantityt 
in Stock 

Compound Solution 
(gil) 

NaHC03 a* 14.2812 
KHC03 a 0.8010 
MgC12-6H20 b 15.5532 
MgS04- 7H20 b 5.0529 
Ca(OH)2 ** 0.0878 
MgC03-Mg (OH) 2-nH20** 0.0394 
NaN03 c 0.4709 
KH2P04 c 0.0352 

tWeighed to 0.0001 g. 

each aqueous phase to provide an inocu
lum of the lake I s organisms. After a 
microcosm received the required quantity 
of aqueous medium, it was maintained in 
the dark long enough to allow suspended 
sediments to settle (2 days for New Fork 
Lake and 1 day for Bear Lake). Two 
liters from the aqueous phase 0 f each 
microcosm were then collected, mixed 
with medium collected from the other 
microcosms, and 2 liters of the mixture 
were redistributed to all microcosms. 
This cross-inoculation procedure was 
performed on two successive days to 
improve the homogeneity of the aqueous 
chemistry and biological species over 
all microcosms. Finally, the microcosms 
were sealed from the atmosphere. the 
light cycle was established in the 
diurnal microcosms, and the experiment 
began. The initial composition of the 
gas phase was that of atmospheric air. 
Initial physical conditions of the 
microcosms are listed in Table 7. 

Dilution Final 
Factor for Concentration 

Final Aqueous of Microcosm 
Medium Medium'(mg!l) 

10 -+ 1000 142.8 
10 -+ 1000 8.0 
10 -+ 1000 155.5 
10 -+ 1000 50.5 
No dilution 87.8 
No dilution 39.4 

1 -+ 1000 0.4709 
1 -+ 1000 0.0352 

*Compounds with common letters were combined in a stock 
solution. 

**Stock solutions were not made for these compounds. Bubbling 
with C02 was required to dissolve the compounds into the aqueous 
media. 
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Table 5. Simulated New Fork Lake medium. 

Quantityt Dilution Final 
in Stock Factor for Concentration 

Compound Solution Final Aqueous of Microcosm 
(gil) Medium Medium (mg/l) 

CaC12 * 0.2491 10 -+ 1000 2.5 a 
MgS04'7H20 a 1.3558 10 -+ 1000 13.6 
CaS04 a 0.1634 10 -+ 1000 1.6 
NaHC03 b 0.3655 10 -+ 1000 3.7 
KHC03 b 0.8010 10 -+ 1000 8.0 
Ca(OH)2 ** 0.0746 100 -+ 1000 7.5 
NaN03 c 0.4709 1 -+ 1000 0.4709 
KH2P04 c 0.0352 1 -+ 1000 0.0352 

tWeighed to 0.0001 go 
*Compounds with common letters were combined ~n a stock 

solution. 
**Bubbling with C02 was necessary to dissolve this compound into 

its stock solution. 

Table 6. Final concentrations of various constituents in Bear and New Fork Lakes' 
media (standard deviation in parentheses). 

Parameter 

Ca (mg/l)a 
Mg (mg/l)a 
Na (mg/Ua . 
K (mg/Ua 
Cl (mg/Ua 
S04= (mg/Ua 
P (\lg/U a 
N (ilg/Ua 
Alk (mg/l as CaC03)b 
Total Hardness (mg/l as CaC03)b 
pHb 

Bear Lake 
Aqueous 
Medium 

47.49 
33.54 
39.08 
3.13 

54.24 
19.69 
8.01 

77.60 
25 1. 9 (10. 1) 
253.7 (8.3) 

8.2 

aCalculated based on composition of medium. 
b d .. Measure quant~t~es. 
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New Fork Lake 
Aqueous 
Medium 

5.41 
1.33 
0.99 
3.12 
1.62 
6.44 
8.01 

77 .60 
19.81 
25.7 

7.0-7.7 



=====:: 

Table 7. Initial physical conditions of microcosms • 

Bear Lake Study New Fork Lake Study 

Aqueous 
Microcosm Sediment Phase 

Number We ight Volume 
( g) CR,) 

1 4447 10.35 

2 4497 10.28 

3 4247 10.27 

4 4307 10.37 

5 4217 10.27 

6 4247 10.20 

7 4247 10.28 

8 4167 10.25 

9 4027 10.27 

10 5245 10.25 

11 4187 10.25 

12 4247 10.38 

Mean 4340 10.29 

Standard 
Deviation 310 0.05 

. Range 4027- 10.20-
5245 10.38 

Experimental Procedures and 
Protocol 

'Microcosm maintenance 

Gaseous Aqueou·s Gaseous 
Phase Sediment Phase Phase 

Volume Weigh t Volume Volume 
(Q.) (g) (9.) (~ ) 

0.957 4265 10.33 0.881 

0.982 4830 10.36 0.881 

0.992 4330 10.56 0.892 

0.960 4720 10.50 0.884 

0.986 4520 10.42 0.891 

0.962 4600 10.38 0.894 

0.960 4620 10.43 0.923 

0.989 4555 10.43 0.914 

0.990 4385 10.52 0.905 

0.992 4730 10.36 0.902 

0.989 4600 10.36 0.897 

0.991 4685 10.38 0.897 

0.979 4570 10.42 0.897 

0.015 171 0.07 0.013 

0.957- 4265- 10.33- 0.881-
0.992 4830 10.56 0.923 

The microcosms were maintained as 
semi-continuous cul tures by exchanging 
approximately 1 liter of fresh medium 

for a liter of each microcosm's aqueous 
phase every 0 ther day. The average 
water residence time was thus from 20 to 
21 days. Before being added to the 
microcosm, the fresh medium was chilled 
to 4-5°C below the temperature of the 
microcosms. The medium was chilled to 
preclude immediate ml.Xl.ng with the 
microcosm's aqueous ph~se which might 
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lead to loss of the fresh medium during 
the exchange procedure (Porcella et ale 
1975). During the exchange, fresh 
medium was added to the microcosm's 
lower inlet port while a liter of the 
microcosm's aqueous phase was being 
removed from the upper outlet port. The 
gas level in the manometer was read 
before each medium exchange began, and 
it was adjusted to its original level 
after the exchange procedure to assure 
that equal volumes of medium were added 
to, and removed from, the microcosms. 
The exact volume of medium exchange was 
then measured and recorded., 

Additional measurements were made 
during the medium exchange procedure to 
enable a determination of the net 
produc tion or consumption of gas since 
the last medium exchange. These mea
surements included barometric pressure, 
room temperature, and effluent aqueous 
temperature. A computer program (Micro-
4) corrected gas volumes to standard 
conditions; differences of gas volumes 
on successive dates were net gas pro
duction or consumption (Appendix B). A 
complete list of parameters measured on 
medium exchange dates, and their pur
poses, is presented in Table 8. 

Table 8. Parameters measured on medium exchange dates. 

Parameter Measured 

Room Temperature 

Temperature of 
Fresh Medium 

Temperature of 
Effluent Aqueous 
Phase 

Rationale 

Early detection of problems associated with 
temperature change. 

Assure temperature was low enough to preclude 
immediate mixing with microcosm aqueous phase. 
Necessary for calculations to determine dis
solved gases entering the microcosms. 

Necessary to determine gas solubilities and 
therefore removal from microcosms. Correct 
volume of overlying gaseous phase to standard 
temperature based on its volume at the temperature 
of the microcosms aqueous phase. 

pH of Fresh Medium Assure pH was in proper range to avoid shock to 
organisms in microcosm. 

Volume of Effluent 
Aqueous Phase 

Initial Manometer 
Reading 

Final Manometer 
Reading 

Used for mass balance calculations of microcosms 
constituents (e.g. nutrients and dissolved gases). 

Calculate net change of gases from previous date. 

Initial point for determining net change of gases 
for next date. Determine if more or less medium 
entered the microcosm than aqueous phase removed. 

Barometric Pressure Correct gas volume to standard pressure. 
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Sampling parameters 

Eleven water chemistry parameters 
were measured every 10 days for the 
microcosms. The parameters included! 
pH, alkalinity, total hardness, calci~, 
dissolved oxygen, total organic carbon, 
nitrate, nitrite, ammonia, total phos
phorus, and orthophosphate. The mea
surement techniques are listed in 
Appendix A. 

Gas samples were collected every 10 
days through gas sampling valves (Figure 
2). The mole fractio~s of nitrogen, 
oxygen, carbon dioxide, and methane were 
estimated in triplicate for each micro
cosm. A Hewlett-Packard Model 5750 gas 
chromatograph was used under the follow
ing operating conditions: 

Columns - 1 .8 m x 0.32 cm o. d • 
stainless-steel contain
ing 60-80 Molecular Sieve 
SA (for 02, N2, CH4) 

- 1.8 m x 0.32 cm o.d. 
stainless-steel contain
ing 120 Poropak S (for' 
C02) 

Carrier Gas - Helium 

Flow Rates - Carrier gas - 35 mll 
min 

Temperatures - Column - 60-70·C 
Detector - l80·C 
Injection port-120·C 

Calibration was performed using a gas 
standard of known composition. 

Sediment was analyzed at the 
beginning and end of the experiment for 
total phosphorus, nitrate, nitrite, 
ammonia, and organic matter content. 
Initially, subsamples were pooled and 
analyzed collectively. At the experi
ment's termination, sediment cores were 
divided into four depths (surface-2 em, 
2 em-4 em, 4 cm-6 em, greater than 6 em) 
and analyzed separately. Techniques 
used for these analyses appear in 
Appendix A. 
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Additional analyses 

Several additional analyses were 
periodically performed on the aqueous 
phase of Bear Lake microcosms. These 
included bacterial enumeration, plank
tonic inverteb rate enumerat ion, and 
relative fluorescence of planktonic 
algae. The techniques used are pre
sented in Appendix A. 

Analyses at experiment's 
termination 

Biomass analyses were performed or. 
the final day of each experiment at 
three sites in each microcosm; namel" 
the water column, glass surface, an 
sediment surface. Aliquots of aqueoulo. 
medium were filtered through preweighed 
GFIC glass fiber filters to measure 
planktonic biomass .. All glass surfaces 
were scraped clean using a rubber 
spatula; the collected material was 
suspended in tap water and then filtered 
through preweighed glass fiber filters 
to assess periphytic biomass. Sediment 
surface macrophytes and filamentous 
algae were separated from sed iment 
particles to measure biomass in that 
zone. Samples from all zones were dried 
at 60·C for 48 hours, weighed to the 
nearest 0.1 mg, and then ashed at 550~C 
for 2 hours. Samples were reweighed and 
ash free dry weights of the biomass 
calculated. 

Sediment samples were collected by 
inserting a 2.5 em diameter glass tube 
vertically through the sediment profile. 
A small glass tube was inserted adjacent 
to the sampling tube to relieve negative 
pressure as the stoppered sampling tube 
was being withdrawn. Triplicate sedi
ment samples were taken from each 
microcosm. The glass. tube with the 
sediment profile was stoppered at both 
ends and frozen until analyses could be 
performed. Be fore sediment analyses 
were done, the frozen sediment was 
extracted from the glass tube and cut in 
the following sections: surface to 2 
em, 2-4 em, 4-6 em, greater than 6 em. 



Chemical analyses were performed on each 
section. 

Oil from the water surface of oiled 
microcosms was collected on the final 
date and stored in glass bottles with 
teflon tops in a refrigerator for later 
GC/MS analyses. 

A port ion 0 f the aqueous phase 
collected on the final day of the 
Bear Lake microcosm experiment was used 
to determine the growth response 
of Se1enastrum capricornutum to the 
various treatments. Phosphorus and 
nitrogen were added to the medium to 
obtain two different nutrient con-

,centration levels (50 ~g/l P; 485 ~g/l N 
and 100 llg/l P; 970 llg/l N). The 

'{procedures of Miller et al. (1978) for 
~)a1ga1 bioassay tests were used except 
"that the medium was not sterilized and 
approximately 20 times the recommended 
cell concentration of ~ capricornutum 
were added to each experimental flask at 
the onset of the experiment. (The 
medium was not steri1 ized to avoid 
denaturing the dissolved oil and the 
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increased inoculum was used to give the 
algae a competitive advantage for 
nutrient assimilation over the existing 
decomposer organisms.) Relative fluo
rescence was determined six times during 
the next 10 days to assess population 
growth of the algae. 

Data analysis 

Mass balance analyses of the 
m1crocosm data were performed using a 
modified version of Program Micro 
(Porcella et al. 1975). That program 
was specifically written for microcosm 
data analysis, and the version used 
(Micro 4) is presented in Appendix 
B. 

A split plot through time analysis 
of variance model was used to analyze 
those parameters measured at 10 day 
intervals (repeated measurements were 
performed on a single microcosm through 
time). Statistical analyses were 
accomplished using statist ical packages 
and minitab on the Burroughs 6800 and 
Vax computers. 



RESULTS 

Bioassay 

Effe"cts of the direct addition of 
South Louisiana and Wyoming Crude oils 
on the growth of Selenastrum in the 
bioassay test are shown in Figure 3. 
Results of statistical analyses of these 
data for differences among doses are 
presented in Table 9. In general, both 
crude oils reduced the growth of the 
algae; and greater oil dosages increased 
the deleterious effects of a given oil. 
Direct injection of South Louisiana 
Crude led to statist ically significant 
differences for II and xl between each 
oil concentration except the 0'.08 and 
0.56 ml oil/l dosages. Direct injection 
of Wyoming Crude led to significant 
differences except for parameter ll, 
between the no oil and 0.08 ml oil 
dosages and the 0.08 and 0.56 ml dosages 
(Table 9). 

Addition of suspended oil to the 
Bear Lake medium generally caused 
di fferences in x but not 11 (Figure 
4 and Table 9). Furthermore, the 
initial concentration of oils had little 
effect on either x or ll. Apparently, 
approximately equal concentrations of 
deleterious hydrocarbons dissolved in 
the medium and exerted their influence 
on the algal population regardless of 
the initial dose of oil added. 

Effects of the various oil concen
trations added directly to the New 
Fork medium are shown in Figure 5. The 
lowest oil concentration (0.08 ml oil/I) 

T5i: is alga I s maximum standing crop 
and 11 is its maximum growth rate. 
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was not significantly different from the 
control for II or x for either crude oil 
type (Tab Ie 10). However, the medium 
and highest oil additions reduced both 
growth parameters from control values; 
there were also significant differences 
for II and x between these two highest 
dosages. 

As with Bear Lake medium, a lesser 
deleterious effect resulted when crude 
oils were added in suspension, rather 
than directly, to New Fork medium 
(Figure 6 and Table 10). Significant 
d~fferences of II and x existed only 
between controls (no ~oil) and the two 
highest oil concentrations. 

Different dosages were used for the 
oils because Wyoming Crude had greater 
short term deleterious effects on algal 
growth than did South Louisiana Crude 
(e.g., compare 0.56 ml oil/l dosages for 
directly added oil). Dose concentra
tions of the two oils were selected 
which would not completely inhibit 
growth, to investigate a range of 
growth responses. 

Maximum standing crop of algal 
biomass was approximately twice as 
great in New Fork medium as in the Bear 
Lake medium .even though init ial levels 
of critical nutrients (N and p) were the 
same. High pH values (up to 9.4) 
occurred shortly after the experi
ments began. Precipitation of calcium 
carbonate was observed in the Bear Lake 
experiment due to the medium's high 
alkalinity, but not in the New Fork 
experiment which had a medium with very 
low alkalinity. Coprecipitation of 
phosphorus in the Bear Lake med ium 
(Rupp 1981) very likely lowered concen
trations of that growth limiting 
nutrient in Bear Lake bioassay tests. 
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Figure 3. Comparisons of Selenastrum growth in Bear 
Lake medium with various concentrations 
of directly added crude oils. 
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One reason for conducting this set 
of bioassay experiments was to determine 
an oil concentration to be added to 
microcosms which would not totally 
inhibit the growth of pelagic algae. 
Based on the bioassay experimentation, 
0.32 ml of oil per liter of microcosm 
aqueous phase was ultimately selected as 

the desired dosage. That dosage 
resul ted in 33 to 90 percent reductions 
in the .!..:. capricornutum standing 
crop, considering bioassay resul ts for 
both lakes and oil types (the percent 
reduction value for Bear Lake bioassays 
was obtained by linear interpolation 
between existing oil dosages). 

Table 9. Bioassay results for twp oils added in four concentrations to Bear Lake 
medium. 

S. La. Crude Direct 
Addition 
No oil 
0.08 ml oill t 
0.56 ml oill fl. 
2.80 ml oill fl. 

Wyo. Crude Direct 
Addition 
No oil 
0.08 ml oill fl. 
0.32 ml oill fl. 
0.56 ml oil I fl. 

S. La. Crude in 
Suspension 
No oil 
1.0 ml oillfl. 
10.0 ml oil/fl. 
20.0 ml oillt 

Wyo. Crude in 
Suspension 
No oil 
1.0 ml oil/fl. 
3.0 ml oil/fl. 
6.0 ml oillt 

Maximum Growth 
Rate- j.l 

(mg/l-d) 

13.6 
11.8 
11.5 
4.6 

13.6 A 
11.1 A B 
8.8 B 

C 

4.6 C 

13.6 A 
13.6 A 
12.9 A 
11.2 A 

13.6 A 
13.6 A 
13.4 A 
13.2 A 

~laximum 
Standing 

Crop-x' (mg/l) 

44.3 A 
26.2 B 
20.4 B 
6.8 C 

44.3 A 
16".4 B 
14.7 C 
5.4 D 

44.3 A 
25.2 B 
24.8 B 
24.4 B 

44.3 A 
27.5 B 
23.5 C 
22.3 C 

~ifferent letters among treatments within an experimental 
condition (e.g. S. La. Crude direct addition) indicates statistically 
significant differences at P - 0.95. When letters for different 
oil concentrations are in the same column, the response to oil 
pollution at those concentrations are not significantly different. 
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Table 10. Bioassay results for two crude oils added in four concentrations to New 
Fork Lake medium. 

Maximum Growth Maximum 
Rate- ]J Standing 

(mg/l-d) Crop-x (mg/l) 

S. La. Crude Direct 
Addition 
No oil 23.3 Aa 84.7 A 
0.08 ml oil/ R. 21.7 A 80.6 A B 
0.56 ml oil/ R. 17.1 B 72 .5 B 
2.80 ml oil/R. 6.8 C 35 C 

Wyo. Crude Direct 
Addition 
No oil 23.3 A 84.7 A 
0.08 ml oil/t 21.1 A 80.3 A 
0.32 ml oi l/t 13.6 B 49.7 B 
0.56 ml oil/t 4.9 C 12.5 C 

S. La. Crude in 
Suspension 
No oil 23.3 A 84.7 A 
1. 0 ml oil/R. 22.8 A 81.1 A 
10.0 ml oil/R. 16.8 B 70.5 B 
20.0 ml oil/R. 16.6 B 69.5 B 

Wyo. Crude in 
Suspension 
No oil 23.3 A 84.7 A 
1.0 ml oil/ R. 21.2 A B 78.4 A B 
3.0 ml oil/ R. 19.8 B 75.8 B 
6.0 ml oil/ R. 19.2 B 73.8 B 

aDifferent letters among treatments within an experimental 
condition (e.g. S. La. Crude direct addition) indicates statistically 
significant differences at P = 0.95. When letters for different 
oil concentrations are in the same column, the response to oil 
pollution at those concentrations are not significantly different. 

Microcosms 

Sediments 

Initial nutrient content, organic 
matter content, and bulk dens ity 0 f 
sediments used for the microcosm experi
ments are presented in Table 11. 
Tables 12 and 13 contain values for the 

39 

same parameters ( except bulk dens ity) 
for four depth ranges within a sediment 
profile following the microcosm experi
ments for Bear Lake (BL) and New Fork 
Lake (NFL), respectively. Parameter 
values for BL diurnal microcosms are 
means of three microcosms and those for 
NFL diurnal microcosms are means of two 
units. All values for dark treatments 



Table 11. Initial values for various sediment parameters. 
were subsequently used in the microcosm studies. 
the standard deviation in parentheses. 

The sediments reported 
Means are listed with 

Lakes 
Parameter Bear Lake New Fork Lake 

Total Phosphorus 
(~g/g dry sed. wt.) 

281 (22) 309 (11) 

Ammonia 0.202 (0.062) 0.227 (0.079) 
(~g/g wet sed. wt.) 

Nitrate 0.83 (0.26) 0.76 (0.14) 
(~g/g wet sed. wt.) 

Nitrite 0.018 (0.001) 0.020 (0.006) 
(~g/g wet sed. wt.) 

Percent Organic Matter 1.13 (0.08) 1.39 (0.08) 

Dens ity (g/ cm3) 1.10 (0.03) 1.34 (0.07) 

are based on a single microcosm. Table 
14 contains the above mentioned param
eters for NFL diurnal microcosms 20 
days after oil addition. 

Sediment total phosphorus concen
trations exhibited no consistent 
trends either within a profile or 
between treatments in either micro
cosm study. The sediment phosphorus 
analysis employed was not precise enough 
to detect changes within the range which 
potentially occurred during the experi
ment (see Appendix C). 

Ammonia concentrations consistently 
increased with depth into the sediment 
in both studies. Additionally, sediment 
ammonia concentrations were greater at 
all depths after the experiment than 
initially. However, there was no 
consistent difference between the 
controls and oiled treatments in terms 
of sediment ammonia concentrations. 

Nitrate and nitrite concentrations 
were low and variable at all depths and 
for all treatments. No consistent 
patterns regarding treatment or sediment 
depth effec tswere apparent. Finally, 
organic content was relatively constant 
over time and regardless of sediment 

. position or treatment. 

40 

Aqueous chemistry 

The values of aqueous parameters 
measured at 10-day intervals are pre
sented in this section. Results for 
several other parameters can be found in 
Appendix D. Values for light microcosms 
are means of three microcosms for BL and 
two for NFL. When differences between 
treatments are cited, the differences 
are statistically significant (p = 0.95) 
based on analysis of variance tests. 
Summaries of test results for all 
parameters can be found in Appendix D. 
Values for dark microcosms are from a 
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Table 12. Values at four depths of sediment parameters on the final day of the Bear Lake microcosm experi-
ment. Values in pa~entheses are standard deviations. 

Condit ion Treatment Depth Total Phos NH3-N N03-N N02-N Percent 
(Jig/g (Jig/g (Jig/g (Jiglg Organic 

Dry Wt.) Wet Wt.) Wet Wt.) Wet Wt.) Matter 

D Control Sur. - 2 em 282 (62) 1.49 (0.25) 1.40 (0.18) 0.16 (0.07) 1.11 (0.03) 
2 cm - 4 em 255 (52) 2.30 (0.50) 1.66 (0.26) 0.09 (0.06) 1.08 (0.08) 
4 em - 6 em 266 (44) 2.56 (0.34) 1.44 (0.17> 0.08 (0.05) 

> 6 em 264 (5) 2.73 (0.14) 1.32 (0.05) 0.15 (0.09) 

S. La. Crude Sur. - 2 em 246 (I8) 1.69 (0.61) 1.93 (0.10) 0.16 (0.09) 1.08 (0.05) 
2 em - 4 em 287 (33) 3.15 (0.41) 1.77 (0.40) 0.11 (0.05) 1.08 (0.05) 
4 em - 6 em 340 (88) 2.62 (0.10) 1.31 (0.37> 0.09 (0.06) 

> 6 em 266 (41) 3.38 (0.32) 1.36 (0.50) 0.10 (0.05) 

~ Wyo. Crude Sur. - 2 em 268 (18) 1.53 (0.92) 1. 70 (0.34) 0.21 (0.08) 1.03 (0.02) .... 
2 em - 4 cm 251 (61) 2.54 (I.42) 1.54 (0.38) 0.18 (0.08) 1.09 (0.04) 
4 cm - 6 em 270 (14) 2.89 (0.45) 1.84 (0.38) 0.17 (0.06) 

> 6 em 245 (I8) 3.12 (0.74) 1.34 (0.08) 0.16 (0.02) 

Darkb Control Sur. - 2 em 212 1.39 0.82 0.04 1.15 
2 em - 4 cm 248 2.04 0.54 0.06 1.15 
4 em - 6 em 321 1.88 0.45 0.05 

> 6 em 383 4.54 0.33 0.14 

S. La. Crude Sur. - 2 em 409 1.44 2.36 0.26 1.17 
2 cm - 4 em 199 2.18 1.45 0.21 1.12 
4 em - 6 em 225 3.28 1.84 0.26 

> 6 em 291 2.56 1.25 0.42 

Wyo. Crude Sur. - 2 em 382 2.16 1.56 0.17 1.06 
2 em - 4 em 230 2.55 0.38 0.16 1.15 
4 em - 6 em 226 2.10 0.52 0.13 

> 6 em 283 3.22 0.35 0.15 

I reported measurements for diurnal microcosms were mean values froID three replicate microcosms. 
bAll reported measurements for dark microcosms were results from a single microcosm. 



Table 13. Values at four depths of sediment parameters on the final day of the New Fork Lake microcosm 
experiment. Values in parentheses are standard deviations. 

Condi t ion Treatment Depth Total Phos NH3-N N03-N N02-N Percent 
( )Jg/g (fJg/g (pg/g (fJg/g Organic 

Dry Wt.) Wet Wt.) Wet Wt.) Wet Wt.) Matter 
Diurnal a Control Sur. - 2 em 279 (38) 1.63 (--) 0.75 (0.44) 0.02 (0.004) 1.38 (0.18) 

2 em - 4 em 309 (125) 2.54 (0.98) 0.70 (0.17> 0.02 (0.00l> 1.41 (0.01) 
4 em - 6 em 342 Ol> 4.15 (3.14) 0.69 (0.44) 0.03 (0.02) 1.19 (0) 

) 6 em 309 (49) 6.32 (2.18) 0.80 (0.1l> 0.03 (0.01> 1.31 (0.27) 

S. La. Crude Sur. - 2 em 346 (I2l> 8.54 (3.37> 1.22 (0.58) 0.05 (0.01> 1.31 (0.30) 
2 em - 4 em 306 (58) 9.04 (0.15) 1.00 (0.50) 0.05 (0.02) 1.27 (0.04) 
4 em - 6 em 344 (I54) 6.73 (1.97) 0.76 (0.30) 0.04 (0.001) 1.18 (0.08) 

) 6 em 299 (39) 10.20 (1.49) 0.93 (0.22) 0.04 (0.002) 1.36 (0.11) 

of:. 
Wyo. Crude Sur. - 2 em 379 (38) 4.90 (0.28) 0.58 (0.26) 0.02 (0.001) 1.46 (0.10) 

IV 2 em - 4 em 523 (148) 7.20 (0.91) 0.65 (0.36) 0.04 (0.03) 1.28 (0.05) 
4 em - 6 em 469 (112) 8.31 (1.73) 0.55 (0.20) 0.04 (0.02) 1.29 (0.04) 

) 6 em 364 (38) 9.59 (2.14) 0.63 (0.10) 0.04 (0.03) 1.22 (0.06) 
. b 

Dark Control Sur. - 2 em 427 7.74 0.57 0.02 1.42 
2 em - 4 em 518 4.85 0.72 0.02 1.35 
4 em - 6 em 362 9.05 0.82 0.04 

) 6 em 352 1.55 0.61 0.05 1.31 

S. La. Crude Sur. - 2 em 365 7.07 0.37 0.02 1.87 
2 cm - 4 cm 416 8.93 1.42 0.02 1.37 
4 cm - 6 em 368 9.29 0.38 0.02 1. 31 

) 6 cm 304 11.48 0.37 0.02 

Wyo. Crude Sur. - 2 em 320 5.47 0.93 0.02 1.48 
2 cm - 4 em 433 7.89 0.75 0.02 1.32 
4 cm - 6 em 375 8.52 0.33 0.02 1.34 

) 6 em 418 10.08 0.39 0.02 1.65 

aA11 reported measurements for diurnal microcosms were mean values from three replicate microcosms. 
bAll reported measurements for dark microcosms were results from a single microcosm. 



Table 14. Values at four depths of sediment parameters 20 days after oil was added to New Fork Lake 
microcosms. 

Condition Treatment Depth Total Phos NH3-N N03-N 
(lig/g (}.Ig/g (lJg/g 

Dry Wt.) Wet Wt.) Wet Wt.) 

Light Control Sur. - 2 em 350 9.64 0.44 
2 em - 4 em 15.3 0.69 
4 em - 6 em 16.8 0.74 

,!::. > 6 em 317 18.0 0.76 
w 

S. La. Crude Sur. - 2 em 310 11. 7 1.24 
2 em - 4 em 13 .1 1.40 
4 em - 6 em 13.3 1.15 

> 6 em 320 14.9 1.88 

Wyo. Crude Sur. - 2 em 367 11.6 1.27 
2 em - 4 em 13 .2 2.56 
4 em - 6 em 14.8 1.55 

> 6 em 323 15.6 3.33 

N02-N 
(lig/g 

I[ 
I, 
J 

Wet Wt.) 

0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.03 



single microcosm. Thus, differences 
cited for dark microcosm treatments are 
not based on statist ical analyses. 
Treatment initiation occurred on day 42 
of the experiment (marked on Figures 
6-32) even though data are presented 
from day zero. 

Alkalinity values for BL control 
microcosms and the two oiled treatments 
throughout time are presented in Figure 
7. Alkalinity values in diurnal micro
cosms did not vary greatly throughout 
time. However, mean values for oiled 
treatments were greater than for the 
unoiled control on the final three 
measurement dates. No difference 
existed between the two oiled treatments 
on any date. A similar pattern existed 
for dark BL microcosms al though the 
difference was not as great. Figure 8 
presents NFL microcosm alkalinity 
results. Differences between diurnal 
oiled microcosms and controls after the 
addition of oil (day 42) were not 
statistically significant. The dark 
control NFL microcosm had lower alkalin
ity values than either treatment on all 
dates except day 80 after treatment 
initiation. 

Values for pH in BL diurnal micro
cosms were reduced by treatment (Figure 
9). An identical pattern existed in BL 
dark microcosms. No differences were 
observed among oiled treatments for 
diurnal microcosms and only slight 
differences occurred among dark micro
cosms. As in BL microcosms, pH values 
were higher for dirunal control NFL 
microcosms than for oiled treatments 
(Figure 10). Additionally, South 
Louisiana Crude (SLC) treated microcosms 
had a higher pH on day 90 than did 
Wyoming Crude (WC) treated microcosms. 
The pH of dark NFL microcosms was not 
changed by oil addition. 

Orthophosphate concentrations 
appear to be quite variable through
out the study in BL diurnal microcosms; 
probably because the concentrations were 
at the lower detection limit of the 
chemical analyses. No significant 
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difference between controls and treat
ments was detected for diurnal micro
cosms (Figure 11). Although dark 
microcosm orthophosphate concentrations 
were also variable, consistent differ
ences appear between the control and 
treatments. Control concentrations 
varied around 8 ~g/l (the concentration 
of orthophosphate in fresh BL medium). 
In contrast, oil treated microcosm 
orthophosphate concentrations decreased 
to between zero to 3 ~g/ 1 and remained 
there. 

The pattern of orthophosphate 
concentration in the NFL experiment 
was quite different from that in the BL 
exper iment (Figure 12). 0 il-treated 
diurnal microcosms had higher orthophos
phate concentrations than the control 
microcosms past day 60 (WC) and 70 
(SLC). There were no significant 
concentration differences between the 
two oil types. Dark microcosms also 
displayed marked differences between 
treatments ~nd the control. Whereas the 
control microcosm orthophosphate concen
tration remained below 10 ~g/l after 
treatment initiation, oil-treated 
microcosms dramatically increased in 
concentration (up to 200 ~g/l) after 
being impacted by oil. SLC treated 
microcosms appeared to reach higher 
orthophosphate concentrations than WC 
treated systems on days 80 and 90. 

Nitrate concentrations were appar
ently not affected by oil treatments in 
diurnal BL microcosms (Figure 13) •. 
However, treated dark BL microcosms 
consistently had lower nitrate concen
trations beginning immediately after 
treatment initiation (day 42). Nit~ate 
levels for diurnal NFL microcosms were 
also unaffected by either oil type 
(Figure 14). The extremely high concen
tration reported on day 90 for WC 
microcosms almost certainly resulted 
from technician error. Dark NFL micro
cosms exhibited the same pattern 
for nitrate as in BL; that is, higher 
values for the control microcosm 
than oiled treatments following treat
ment initiation (with the exception of 
SLC on day 70). 
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Dissolved oxygen concentrations for 
both 1 ight cond it ions in both 1 akes 
declined markedly after treatment 
(Figures lS and 16). Also, WC diurnal 
mic rocosms were lower in dissolved 
oxygen than corresponding SLC diurnal 
microcosms by day 90 in both lake 
studies. 

Total organic carbon (TOC) concen
trations were greater for BL diurnal 
microcosms treated with WC than controls 
after day 60; SLC treatments had greater 
concentration than controls after day 70 
(Figure 17). BL dark microcosms treated 
with oil also had higher TOC values 
following treatment initiation. TOC 
val u e sin NF L diu rna 1 t rea t men t s 
were also higher than controls after day 
SO (Figure 18), 

Gaseous phase composition 

The mole fraction of oxygen gas in 
the gaseous phase of the microcosms is 
presented for the various treatments in 
Figures 19 and 20 for BL and NFL, 
respectively. As with dissolved oxygen 
in the aqueous phase, there is a strik
ing reduction in both lake experiments 
following oil addition (day 42) under 
both diurnal and dark conditions. The 
difference between controls and both 
treatments was statistically significant 
after day SO in BL and day 40 in 
NFL. Additionally, the mole fraction of 
oxygen was greater in the SLC diurnal 
systems than the WC systems on day 90 in 
BL and days 70 and 80 in NFL. The major 
difference between lake experiments 
regarding this parameter is that the 
dark control in NFL reached lower oxygen 
values than the dark control in BL. 

Figures 21 and 22 display the mole 
fractions of carbon dioxide in the 
microcosms' gaseous phase for BL and NFL 
experiments, respectively. In both 
cases, the fractions dropped dramatical
ly (except for NFL dark microcosms). 
Significant differences between controls 
and treatments occur on every date for 
diurnal microcosms following oil addi
tion. WC diurnal system had signifi-
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cantly higher carbon dioxide levels than 
SLC microcosms on day 90 in BL and days 
SO. 60, and 70 in NFL experiments. 

The mole fractions of nitrogen gas 
in the- microcosms were also higher in 
diurnal treatments than controls (signi
ficant after day 62 in BL and 50 in NFL) 
(Figures 23 and 24). Nitrogen was 
generally higher in WC diurnal systems 
than in SLC diurnal systems. BL dark 
microcosms followed the same pattern 
throughout time as did the diurnal 
systems. However, NFL dark microcosms 
did not demonstrate consistent inter
treatment differences. 

Methane was never detected in BL 
microcosms but, wi th the except ion 
of the dark control, it was produced and 
detected in NFL systems (Figure 2S), 
Significant differences between control 
and treatments did not exist. 

Accumulations of other 
constitutents 

Accumulations of various other 
constituents were determined throughout 
the microcosm experiments. Mass balance 
calculations were corrected for the 
amount of the constituent added to the 
microcosm in fresh medium or removed 
during the medium exchange procedure on 
a daily basis. Thus, the values pre
sented for const ituent accumul at ion 
reflect only changes that occurred 
within the microcosms. Mechanisms 
leading to such changes include nutrient 
release from the sediment and oxygen 
consumption by decomposers. Positive 
values indicate the given constituent 
was accumulating in the microcosm 
whereas negative values mean the con
stituent was being immobilized or 
otherwise altered. 

Nutrients. The accumulations of 
nitrate and phosphate for dark micro
cosms are shown in Figures 26 and 27 for 
BL and NFL, respectively. Nitrate and 
phosphate are the only nutrients for 
which this analysis is presented because 
the critical nutrients (N) and (p) were 



Figure 15. Dissolved oxygen in Bear Lake microcosms. 
Figure 16. Dissolved oxygen in New Fork Lake micro

cosms. 
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Figure 25. Methane in the gaseous phase of New Fork Lake microcosms. 

added to the microcosms in this form. 
Results of the diurnal microcosms are 
not presented because nutrient dynamics 
in those systems were results of both 
photosynthesis and respiration, so clear 
conclusions cannot be drawn (only 
respiration occurred in the dark sys
tems). 

Nitrate accumulated in all dark BL 
microcosms before treatment initiation; 
thus nitrate was being released to the 
aqueous phase from the sediments. After 
treatments were established, the control 
system continued to accumulate nitrate 
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but oil treatments immediately began to 
immobilize the nutrient. 

Phosphate was immobilized in all BL 
microcosms during the first 20 days 
(Figure 26). Afterward, phosphate 
levels in the control microcosms re
mained fairly constant, thus phosphate 
neither accumulated nor was it im
mobilized. In contrast, phosphate was 
immobilized by the oil treatments. 

Nitrate accumulated in the aqueous 
phase of all NFL microcosms through day 
30. Following this initial phase, 
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nitrate was neither accumulated nor 
immobilized in the control, but a net 
immobil ization occurred in the oil
treated microcosms. 

Phosphate dynamics in dark NFL 
microcosms were very different than 
in the dark BL microcosms. There was no 
net accumulation (or immobilization) of 
phosphate in the control microcosm 
during the entire experiment nor in 
treated microcosms during the first 50 
days. However, after day 50, a dramatic 
rate of phosphate accumulation occurred 
in oil-treated microcosms. Some of this 
accumulated phosphate was lost from the 
aqueous phase between days 80 and 90. 

Gases. Total gas accumulation 
after day 10 was continuous and positive 
for BL diurnal control microcosms 
(Figure 28). Prior to treatment initia
tion the same was true for treatments, 
however, the trend reversed after 
treatment. The control BL dark micro
cosm consumed gas throughout the experi
ment, but at a lower rate than did the 
oiled systems. 

NF diurnal control and treatment 
microcosms followed similar patterns of 
net gas accumulation (or consumption) 
(Figure 29). Initial accumulations were 
followed by net consumption in all 
microcosms. we microcosms consumed gas 
to a significantly greater extent than 
either control or SLC systems. All 
dark NFL microcosms had a net consump
tion of gas during the experiment. 
The control microcosm consumed more gas 
then either treatment. 

Oxygen slowly accumulated in BL 
diurnal control microcosms but was 
rapidly consumed in both treatments 
after oil addition (Figure 30). Oxy
gen consumption for the dark counter
parts was slow in the control throughout 
the experiment but rapid for treatments 
after oil addition. 

Oxygen dynamics for NFL systems had 
the same data trends as for BL (Figure 
31), but the magnitude of oxygen accumu-
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1ation in diurnal control was greater. 
and a higher rate of oxygen consumption 
in the dark control occurred during the 
NFL experiment. 

Carbon dioxide accumulated in the 
gaseous phase of all microcosms through
out the experiments (Figures 32 and 33). 
The rate of accumulation was greater for 
treatments than controls in both experi
ments under both 1 ight cond i t ions. 

Biological analyses 

Terminal plant biomass. Results of 
biomass analyses performed at the 
end of microcosm experiments are pre
sented in Tables 15 and 16 for BL and 
NFL studies, respectively. Biomass 
measurements included both green plant 
and microbial communities; no attempt 
was made to separate the biomass by 
function groups. Biomass measurements 
were performed at three sites within the 
m i c roc 0 s m s; the wa t e r col um n, the 
microcosm, sides, and the sediment 
surface. Variability of the results 
lessen the ability to detect statis
tically significant differences, espe
cially in the NFL experiment with only 
two replicates per treatment. However, 
there were clear patterns within these 
data for both microcosm experiments. 

Biomsss in the water column was 
greater for oil treated than for 
control microcosms under both light 
conditions in both lakes. However, 
statistically significant differences 
existed only for the control-SLC 
comparison in NFL. 

A clear pattern did not exist for 
biomass differences between controls and 
oil treatments on the microcosm sides. 
The only significant difference was in 
the BL comparison between SLC and WC 
treatments. 

Sediment surface biomass was 
greater in control microcosms than 
either oiled treatments in both experi
ments. Mean differences were from 1.4 
to 5 times greater for controls than 
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Table 15. Biomass analyses and test results for statistically significant differences for the Bear Lake 
microcosms. 

Condi tion Treatment Water Column Microcosm Sides Sediment Surface 
(mg AFDW*) (mg AFD\-1) (mg AFDW) 

Diurnal Control 9 (2) 39 (17) 175 (14) 
S. La. Crude 16 (6) 21 (4) 85 (29) 
Wyo. Crude 24 (15) 38 (8) 128 (23) 

Dark Control 12 2 
S. La. Crude 12 4 
Wyo. Crude 41 25 

Statistical significance (p = 0.95) for diurnal microcosms (* signifies significance) 

Cont. vs. S. La. Crude 
Cont. vs. Wyo. Crude 
S. La. Crude vs. Wyo. Crude 

aAFDW is Ash Free Dry Weight. 

Water Column Microcosm Sides 

* 

Sediment Surface 

* 
* 

Total 
(mg AFDW) 

222 (11) 
122 (26) 
189 (189) 

14 
16 
66 

Total 

* 

* 

Values for diurnal microcosms are means from three replicates with standard deviations in parentheses. 
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Table 16. Biomass analyses and test results for statistically significant differences for the New Fork 
Lake microcosms. 

Condi t ion Treatment Water Column Microcosm Sides Sediment Surface Total 
(mg AFDW*) . (mg AFDW) (mg AFDW) (mg AFDW) 

Diurnal Control 14 (0) 36 (i3) 1059 (476) 1108 (489) 
S. La. Crude 45 (10) 128 (82) 211 (8]) 384 (IS) 
Wyo. Crude 16 (6) 19 (4) 503 (68) 537 (66) 

W Dark Cont rol 6 14 19 
S. La. Crude 44 10 
Wyo. Crude 24 18 

Statistical significance (p = 0.95) for diurnal microcosms (* signifies significance) 

Cont. vs. S. La. Crude 
Cont. vs. Wyo. Crude 
S. La. Crude vs. Wyo. Crude 

aAFDW is Ash Free Dry Weight. 

Water Column Microcosm Sides Sediment Surface 

* 

54 
42 

Total 

Values for diurnal microcosms are means from two replicates with standard deviations in parentheses. 



oiled treatments. Differences were 
statistically significant for compari
sons between controls and both treat
ments in BL. No statistically signifi
cant differences existed in the NFL 
experiment even though the magnitude of 
mean differences between treatments and 
control were greater than in BL. 

Total biomass was also consistently 
greater in diurnal cont rol s than in 
treatments in both lakes. Additionally, 
biomass in WC treated microcosms was 
greater than SLC treated systems (sta
tistically significant in BL). Also, 
the oiled treatments maintained in the 
dark had greater biomass accumulation 
than their unoiled counterpart for both 
lake experiments. 

Table 17 contains biomass levels in 
NFL diurnal microcosms 20 days after oil 
was added. The only consistent differ
ence between the control and treatments 
is that more biomass was contained in 
the water column of the latter. The 
total biomass at this intermediate 
date was much less than that on the 
final date in control microcosms but 
similar to that of the oiled treatments 
on the last day of the experiment. 

Relative fluorescence. Relative 
fluorescence in the aqueous phase of 
diurnal BL microcosms is shown in Figure 

34. Fluorescence was initially very 
low, but rapidly increased to a peak on 
day 17. Following that date fluores
cence decreased in all microcosms during 
the next 17 days. It remained at a low 
level in control microcosms for the 
remainder of the experiment but in
creased in treatments after the addition 
of oil (fluorescence caused by oil was 
subtracted from total fluorescence to 
give the reported values). After 
another peak in treated microcosms on 
day 53 (11 days after oil addition), the 
fluorescence in these systems decreased 
to near control levels by the end of the 
experiment. 

Bacteria. Aerobic, heterotrophic 
bacterial counts in the aqueous phase of 
BL microcosms are presented in Figure 
35. Mean values and a statistical 
analysis of results are in Table 18. 
Prior to treatment, bacterial counts 
were similar for all microcosms under 
both diurnal and dark conditions. Seven 
days after treatment, the microcosms 
impacted with oil had higher bacterial 
population levels than controls, al
though the difference was not statis
tically significant. By the end of the 
experiment, statistically significant 
differences did exist between bacterial 
levels in control and treated diurnal 
microcosms. No significant difference 
existed between the oil types. Oiled 

Table 17. Biomass analyses from various sites of New Fork Lake microcosms 20 days 
after oil was added. 

Water Microcosm Sediment 
Condition Treatment Column Sides Surface Total 

(mg AFDW*) (mg AFDW) (mg AFDW) (mg AFDW) 

Diurnal Control 19 42 232 294 
S. La. Crude 60 30 309 399 
Wyo. Crude 38 22 233 292 

*AFDW is Ash Free Dry Weight. 
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Figure 34. Relative fluorescence in the aqueous phase of Bear Lake microcosms. 

microcosms maintained in the dark had 
higher bacterial populations than 
control microcosms. 

Planktonic macroinvertebrates. 
Mean population levels of invertebrates 
sampled from the aqueous phase of BL 
microcosms are presented in Table 19. 
Chydorids were the major genera present; 
the only other animal sampled was a 
cyclopoid from a diurnal control micro
cosm on day 34. Mean population values 
were similar between treatment groups 
before treatment initiation. However, 
after oil was added, invertebrate 
populations sampled from the water 
column of oil impacted microcosms were 

zero on all dates whereas population 
levels in control microcosms remained 
fairly constant throughout the experi
ment. Thus, the apparent effect of both 
crude oils was to destroy the entire 
popUlation of water column invertebrates 
ln diurnal microcosms. 

Invert.ebrate popUlations ln the 
dark microcosms were very low or zero 
throughout the experiment. 

Algal growth in microcosm medium. 
The response of the alga, ~ capricornu
tum grown in medium taken from BL 
microcosms on day 90 of the microcosm 
experiment is shown in Figure 36. 

64 



(fl 
U1 

Table 18. Mean values) standard deviations (in parentheses) and statistical comparisons of bacterial 
counts in Bear Lake microcosms. 

Diurnal Dark 

Day 

J 

Control S. La. Crude Wyo. Crude Control S. La. Crude Wyo. Crude 

41 21 )667 (15 )526) 19.367 (7,020 18.200 (7.366) 25.200 38,400 29,300 
49 18,000 (9.035) 23,200 (17 ,032) 46.361 (26,046) 19,200 35,000 189,000 
90 4,333 (2,122) 123,000 (69,846) 13)161 00,436) 11,000 164.500 481,000 

Statistical Comparisons for Diurnal Microcosms 

Day 41 Day 49 Day 90 

Cont rol vs. S. La. Crude *a 
Control VB. Wyo. Crude * 
S: La. Crude vs Wyo. Crude 

a* signifies statistical significance at P = 0.95. 
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Table 19. Invertebrates (all Chydorids) sampled from the aqueous phase of Bear Lake microcosms (mean 
values per liter are presented for diurnal microcosms with standard deviations in parentheses). 

Diurnal Dark 

Day 
Control S. La. Crude Wyo. Crude Control S. La. Crude Wyo. Crude 

34 55 (49) 56 0) 51 (43) 1 5 3 
38 47 (34) 67 (16) 106 (65) 3 2 0 
SO 32 (45) 0 0 0 0 0 
52 73 (74) 0 0 0 0 0 
72 39 (46) 0 0 0 0 0 
86 30 (40) 0 0 0 0 0 

Note: One cyclopoid was sampled in a diurnal control microcosm on day 34. 
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Figure 35. Bacterial population levels in Bear Lake 
microcosms. 
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Nitrogen and phosphorus were added to 
the medium to obtain concentrations of 
485 ].Ig/l and 50 ].Ig/l, respectively, in 
one set of flasks, and 970 ].Ig/l and 100 
].Ig/l in the other. Under both nutrient 
conditions, all experimental units 
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reached peak biomass during the initial 
3 to 5 days. Significant differences do 
not exist between control or treatments. 
Thus, algal growth was not reduced when 
grown in medium taken for the oil
treated microcosms. 



DISCUSSION 

Gas Accumulation 

Resul ts of this portion 0 f the 
research will be discussed in four 
parts. First, factors influencing mass 
balance results for gas data relevant to 
the interpretation of the microcosm data 
will be discus,sed. Second, effects of 
the crude oils on the relatively simple 
ecosystems maintained in darkness will 
be discussed. Interpretation of these 
data will aid in the analyses of data 
from the more complex diurnal ecosys
tems, which follows in the third sec
tion. Finally, comparisons between the 
water types and oil types involved ~n 

this study will be discussed. 

Interpretation of the data col
lected on overall gas accumulation and 
the accumulations of specific gas 
species (e.g. 02 and C02) in the micro
cosms is complicated by confounding 
factors. Four of these are discussed in 
this section. 

First, in water with high alkalin
ity, such as that in Bear Lake, in
organic aqueous chemical reactions can 
have a major effect on the apparent 
production, or consumption, of carbon 
dioxide. Therefore, interpretation of 
biological activity based on C02 
dynamics is tenuous. To illustrate this 
point, Table 20 contains calculated 
concentrations of aqueous C02 in Bear 
Lake and New Fork Lake media as func
tions 0 f media pH. In the Bear Lake 
experiment, fresh medium was added to 
microcosms at an average pH of 7.8 while 
pH in the microcosms' aqueous phase 
reach levels as high as 8.5. There is a 
difference in equilibrium aqueous C02 
concentration of 5.5 mg/l between those 
pH values in Bear Lake medium. Thus, a 
liter of fresh medium, when mixed 
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wi th the microcosm's aqueous phase, 
could have released up to 5.5 mg/l 
C02 to the gaseous phase as a result 
of physical-chemical (as opposed 
to biological) mechanisms. This physi
cal-chemical process may have been 
a major contributing mechanism to the 
net production of C02 and to the 
net production of total gas in Bear Lake 
microcosms (see Figures 28 and 30). 

Physical-chemical release of C02 
should not have been an important 
mechanism in the New Fork Lake micro
cosms because: 1) the maximum pH in New 
Fork Lake microcosms 0.5) was nearly 
that of fresh influent medium (7.3) and 
2) New Fork Lake medium had a low 
alkalinity which reduces the potential 
for large quantities of C02 release 
due to physical-chemical mechanisms •. A 
maximum 0 f 0.64 mg/l C02 could have 
been released, and if the pH range was 
as in Bear Lake microcosms, only 0.44 
mg/l C02 could have been released from 
New Fork Lake medium by physical-chemi
cal mechanisms. Thus, a low alkalinity 
system permits more reliable interpreta
tion 0 f biogenic ac tivi ty from C02 
dynamics. 

A second factor compl icating the 
quantitative interpretation of net gas 
accumulation data is that many different 
biochemical compounds are produced 
(photosynthesized) and consumed (re
spired) in aquatic systems (Ryther 1956; 
Odum 1971). If only carbohydrates were 
involved, the following equations would 
describe gas dynamics: 

6 C02 + 6 H20 ~ C6H1206 + 6 02 
(photosynthesis) (10) 

6 02 + C6H1206 ~ 6 C02 + 6 H20 
(respiration) (11) 



Table 20. Calculated concentrations of aqueous carbon dioxide (mg/l H
2

C0
3
* as CO

2 at 760 mm Hg and 298 K) in Bear and New Fork Lake media as a function of 
media pH. 

pH Bear Lake New Fork Lake 
Medium Medium 

7.0 43.9 mg/l 3.47 mg/l 
7.3 22.0 
7.4 17.5 
7.5 13.9 
7.6 11.0 
7.7 8.7 
7.8 6.9 
7.9 5.5 
8.0 4.4 
8.1 3.5 
8.2 2.7 
8.3 2.2 
8.4 1.7 
8.5 1.4 

The net accumulation of total gas due to 
biological activity would be zero, and 
molar quantities of glucose production 
or respiration could be assessed by 
changes in molar quantities of C02 and 
02' However, biochemical compounds 
more highly reduced than carbohydrates 
(e.g., proteins and fats) are involved 
and greater molar quantities of 02 are 
released during plant production than 
molar quantities of C02 consumed. 
Furthermore, the ratio "02 released :C02 
consumed" (termed photosynthetic quo
tient or PQ) depends on the nitrogen 
species being used by the plant. 
Growing plants assimilate reduced forms 
of nitrogen; if an oxidized form is 
available (e.g., N03) , the plant con
verts it to a reduced form (e.g. NH3) 
during assimilation with a concomitant 
release of 02' Thus, the PQ is higher 
if N03, rather than NH3, is used (Ryther 
1956 ). 

As a result of the different 
biochemical species produced and differ
ent forms of nitrogen assimilated, PQs 
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1. 74 
1.38 
1.10 
0.87 
0.69 
0.55 
0.44 
0.34 
0.27 
0.22 
0.17 
0.14 
0.11 

in the range of 1.0 to 1. 75 have been 
reported (Odum 1971). Thus a net gas 
accumulation versus time function with a 
slope of zero might be interpreted 
identically, in terms of net plant 
production, to one with a slope of 0.75, 
depending on plant species involved, 
biochemical composition of the plant, 
and nutrient conditions. The consump
tion of oxygen per molar quantity of 
C02 released during respiration is 
likewise dependent on the biochemical 
species being oxidized. More highly 
reduced compounds have higher 02 con
sumed :C02 released ratios. Therefore, 
direct comparisons of net gas pro
duction, or consumption, between micro
cosms assumes similar biochemical 
components and nutrient conditions. 

Ecosystems with positive net 
production accumulate gases since 
formation 0 f more highly reduced 
biochemical compounds (e.g. proteins and 
fats) liberate higher molar volumes of 
02 than molar volumes of C02 consumed. 
Thus, past microcosm studies have 



correctly used the criterion of net gas 
production as an indicator of actively 
producing ecosystems (Porcella et al. 
1975; Medine 1979). However, quantita
tive statements or reliable comparisons 
between microcosms cannot be based on 
that criterion unless one knows the 
biochemical species being produced and 
consumed Ln the various microcosms. 

Another fac tor compl icating the 
interpretation of gas production 
resul ts from the addition of highly 
reduced hydrocarbons to the treatment 
microcosms. Oxygen is consumed during 
the initial stages of hydrocarbon 
biod eg radat ion wi thout a concurrent 
release 0 f C02 (Gaudy and Gaudy 1980; 
Hansen and Kallio 1957). A number of 
intermediate steps can be involved in 
the ultimate biological breakdown of the 
hydrocarbons, each produc ing a more 
highly oxidized compound, but not 
necessarily resulting in C02 release. 
The net resul t 0 f hydrocarbon degrada
tion is a reduction in gas volume, but 
the interpretation of the reduction is 
different than that in a system without 
hydrocarbons. 

The final confounding factor 
associated with interpreting gas 
accumulation or consumption wi thin the 

microcosms is the inhibition of gaseous 
diffusion across the gas-water interface 
by an oil coating. Table 21 documents 
the oxygen diffusion inhibition. 
Tabulated values are based on dissolved 
oxygen measured in the microcosms I 

aqueous phase (Figures 15 and 16), 
oxygen levels in microcosms' gaseous 
phase (Figures 19 and 20) and discrep
ancies between these two based on 
Henry's Law. Surface active agents, 
such as petroleum hydrocarbons, are 
known to restrict gaseous diffusion by 
forming a physical barrier at the 
air-wa ter inter·face (Mancy and Okun 
1965). The effect was greatest in dark 
New Fork Lake microcosm treated with 
oil, where the oxygen util ization rate 
was highest, no photosynthesis was 
replenishing the oxygen supply, and the 
oil film restricted oxygen diffusion. 

Oxygen diffusion was inhibited by 
oil over the long-term (48 days) even 
though continuous stirring occurred 2 to 
3 em below the air-water interface. In 
lakes, or sheltered portions of lakes, 
the reduction of oxygen diffusion 
due to an oil spill would aggravate low 
oxygen conditions caused by hydrocarbon 
oxidation. Detrimental effects on the 
lakes b iota and the release of reduced 

Table 21. Measured dissolved oxygen concentration (percent) in the microcosms' 
aqueous phase relative to concentration expected based on Henry's Law. 

Diurnal Dark 
Lake Treatment Before After Before After 

Treatment Treatment Treatment Treatment 

Bear Control 104 108 107 104 
s. La. Crude 104 94 107 60 
Wyo. Crude 104 86 106 66 

New Fork Control 110 104 101 95 
S. La. Crude 107 82 100 54 
Wyo. Crude III 80 103 49 
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compounds from the sediments (Mortimer 
1941, 1942) could result. 

Because of insufficient information 
to deal quantitatively with those 
compl icat ing fac tors, total gas and 
C02 production will not be intrepreted 
in a quantitative sense in later sec
tions. Interpretation of oxygen 
dynamics is also complicated by differ
ent biochemical and nutrient conditions 
among the microcosms. However, the fact 
that oxygen dynamics are directly 
related to biological activity permits 
conclusions on the effect of oil from 
information on oxygen consumption or 
production. Therefore, oxygen dynamics 
will be discussed in quantitative terms. 
However, due to inhibition of 02 dif
fusion by the oil film, the quantities 
presented are less than the actual 
effects when the discuss ion deals with 
gaseous phase oxygen level, or net 
oxygen accumulation values, but greater 
when discussing aqueous oxygen levels. 

Dark Microcosms 

The experimentation with microcosms 
maintained in total darkness will be 
discussed before the diurnal microcosms 
for two reasons. First, results from 
dark microcosms are more easily inter
preted because they contained a "simple" 
biological community whose only function 
was respiration (photosynthesis als~ 
occurred in the diurnal systems). 
Second, an understanding of phenomena 
occurring in the dark microcosms aids in 
data interpretation for the diurnal 
systems. 

Respiration 

Perhaps the ~ajor effect of oil 
addition to the dark microcosms was to 
drastically increase the rate of oxygen 
consumption by the decomposer community. 
The effect of increased oxygen consump
tion on oxygen levels in the aqueous and 
gaseous phases of treated microcosms can 
be seen in Figures 15 and 19 for Bear 
Lake and Figures 16 and 20 for New Fork 
Lake. The effect of the oil is immedi-
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ate, as indicated by the drop in oxygen 
level following oil addition; apparent
ly, the overall decomposer community 
quiCkly accl imated to the petroleum 
hydrocarbons and began to oxidize them. 
Dissolved oxygen levels became very low 
by the end of both experiments; 1.1 mgll 
in Bear Lake and 0.4 to 0.7 in New Fork 
Lake. 

Low oxygen conditions in the New 
Fork Lake oiled systems actually de
stroyed the oxidized microzone within 
the sediments by day 60 (18 days after 
oil addition) and large amounts of 
inorganic phosphorus were released from 
the sediments (Figure 11). A very 
distinct rust color appeared in the 
aqueous phase of oiled microcosms at 
this time due to the influx of soluble 
ferrous iron (Append ix 1) from the 
sediments (Mortimer 1941, 1942). 
Inorganic phosphorus reached peak 
concentrations (up to 228 lJ. g/.e.) by day 
80 then decreased by day 90. Between 
those dates, an iron floc formed and 
apparently swept inorganic phosphorus 
from the water column as the floc 
precipitated. Inorganic phosphorus 
was not released from sediments of the 
New Fork Lake control microcosms 
during the experiment. 

Bear Lake treated m~crocosms 

reached low oxygen levels (1.1 mgll as 
opposed to 6.0 mgll for the control), 
but reduced compounds were not released 
from the sediments. It is very likely 
that the destruction of the oxidized 
microzone would have occurred if the 
experiment had extended beyond 90 days 
since a constant rate of oxygen decrease 
(0.3 to 0.4 mg/l-lO d) had been occur
ring during the final 40 days of the 
experiment. Destruction of the oxidized 
microzone in New Fork Lake microcosms 
occurred when dissolved oxygen of the 
aqueous phase fe 11 below 1. 0 mgll. 

Low oxygen levels in aquatic 
ecosystems have several deleterious 
effects. First, as demonstrated by the 
New Fork Lake experiment, reduced 
compounds and nutrients can be released 



from the sediments. The reduced com
pounds are often harmful to aquatic 
organisms. and the influx of nutrients 
can alter the trophic status of the 
lake. For example, if phosphorus was 
released to New Fork Lake to the extent 
that it was released in this experiment 
the lake's oligotrophic status would 
almost certainly be lost. Second, 
low oxygen conditions are detrimental to 
aquatic life even without the influx of 
toxic reduced compounds. Generally, 
highly desirable species (e.g. mayflies, 
trout) succumb to low oxygen conditions 
before less desirable organisms. Third, 
as dissolved oxygen drops below 2 mg/l, 
biochemical oxidation rates are reduced 
(e.g .• Metcalf and Eddy 1979). Further
more. petroleum hydrocarbons cannot be 
biologically degraded under anaerobic 
conditions (Gaudy and Gaudy 1980; Hansen 
and Kall io 1957). Anaerob ic cond i
tions first occur at the sediment-water 
interface where hydrocarbons tend to 
accumulate due to their affinity for 
sediment particles (Zurcher and Thuer 
1978; Knap and Williams 1982; Gearing et 
al. 1980). Therefore, the effects of oil 
pollution are prolonged by low oxygen 
conditions in aquatic ecosystems because 
hydrocarbon degradation ~s slowed. 

positive feedback accentuates the 
problem as the hydrocarbons contribute 
to low oxygen conditions. Thus, severe 
environmental damage could potentially 
result from a single oil spill. 

Rates of oxygen utilization in the 
dark microcosms, before and after oil 
addition. are I isted in Table 22. For 
each set of microcosms, the rates 
were similar before oil treatment. New 
Fork Lake systems used oxygen at a 
higher rate than Bear Lake sys tems 
during this initial phase, presumably 
because New Fork Lake sediment contained 
more organic matter than Bear Lake 
sediments (1.4 percent versus 1.1 
percent). After. oil was added, oxygen 
utilization increased much more in the 
Bear Lake microcosms than in New 
Fork Lake microcosms. Bear Lake treat
ments consumed oxygen at a rate 16.5 
times that of controls while New Fork 
Lake rates were increased only 1.3 times 
due to oil. The effect of oil in Bear 
Lake microcosms is more realistic than 
that in New Fork Lake microcosms; prior 
low oxygen conditions in New Fork Lake 
microcosms probably reduced the rate of 
hydrocarbon oxidation. Dissolved oxygen 
levels quickly dropped from about 5.4 to 

Table 22. Oxygen utilization rates in dark microcosms before and after oil 
addition. 

Lake 

Bear 

New Fork 

Treatment 

Control 
S. La. Crude 
Wyo. Crude 

Control 
S. La. Crude 
Wyo. Crude 

Oxygen Utilization Rate 
(mg/m2-d) 

Before Oil 
Addition 

79a 
109 
101 

203 
221 
203 

After Oil 
Addition 

24b 
371 
420 

303 b 

418 
381 

aThese were pretreatment values for the microcosms. 
bNo oil was added to controls. 
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1.0 mg/l during the 3 weeks immediately 
following oil addition, but then re
mained at about 1 mg/l for the next 3 
weeks. Apparently, 1 mg/l of dissolved 
oxygen was a critical" level, below which 
hydrocarbon oxidation essentially 
ceased. 

Based on results from Bear Lake 
microcosms complete anaerobic conditions 
would result in about 20 days if oil 
were spilled at the areal dosafe of 
these experiments (0.212 t/m ) in 
water 1 meter deep if oxygen input 
(i.e., atmospheric diffusion, photo
synthesis) did not occur. Conditions 
necessary for the abov'e are unrealistic 
for natural lakes, but the example 
illustrates a "worst case" situation. 
Habitats approaching the above condi
tions are found in sheltered littoral 
zones with a thick covering of emergent 
vegetation, or a marsh. 

Nutrient immobilization 

Nitrate concentrations in oil
treated dark microcosms were con
sistently lower than those in control 
systems (Figures 13 and 14). It is very 
likely that the decomposer populations 
were immobilizing that nutrient as they 
oxidized petroleum hydrocarbons, which 
offer a rich source of organic carbon 
but extremely low concentrations of 
nitrogen and phosphorus (Pancirov 1974). 
The amount of inorganic nitrate accumu
lated in the aqueous phase of dark 
microcosms is shown in Figures 26 and 27 
for the Bear Lake and New Fork Lake 
microcosms respectively. It is clear 
that more nitrate was immobilized in 
oil-Unpacted microcosms than in their 
unoiled counterparts for both experi
mental lakes. 

Nutrient immobilization by hetero
trophic populations due to oil pollution 
has an environmental significance for 
natural ecosystems. Microbial hetero
trophic communl.tl.es are superior to 
autotrophs as competitors for 1 imiting 
nutrients in aquatic ecosystems because 
of their small size (high surface to 
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volume ratio) and rapid growth rate 
(Rigler 1956). Severe nutrient limita
tion to higher plants might result from 
oil pollution, especially in oligo
trophic aquatic ecosystems. Under 
normal condition~, actively growing 
plants produce oxygen which helps 
offset oxygen consumption by hetero
trophs. In the case of oil pollution 
not only is there greater consumption of 
oxygen by heterotrophs, but oxygen 
production by plants could be decreased 
because of greater nutrient lUnitation. 
The overall impact is an imbalance in 
terms of autotrophic versus hetero
trophic activity. 

A high degree of inorganic phos
phorus immobilization occurred in 
oiled-Bear Lake microcosms (Figure 26). 
However, phosphorus was released in New 
Fork Lake oil-treated microcosms (Figure 
27). The phosphorus release resulted 
from low oxygen conditions as discussed 
above. 

Biological biomass 

Total biomass estimates for dark, 
oil treated microcosms' sides and water 
column were, on the average, 3 and 2.5 
times higher than controls in Bear Lake 
and New Fork Lake respectively (Tables 
15 and 16). Bacterial counts were from 
2.1 to 6.3 times higher for SLC and WC 
treatments than for controls in BL 
microcosm, suggesting that at least some 
C)f the biomass increase in oil treated 
microcosms was due to higher bacteria 
standing crops. Higher biomass in the 
oil treatments supports the finding of 
increased biological activity of the 
heterotrophic community due to the crude 
oil. 

Diurnal Microcosms 

Oxygen dynamics 

In diurnal microcosms, as in the 
dark systems, dissolved oxygen in the 
aqueous phase and the" mole fraction of 
oxygen in the gaseous phase decreased 
immediately following oil addition 



(Figures 15 and 19 for BL microcosms and 
Figures 16 and 20 for NFL microcosms). 
The responses of the biological com
munity to oil addition were both immedi
ate and long-term. Dissolved oxygen 
continued to be reduced at roughly a 
constant rate (except near the experi
ment's end in NFL microcosms treated 
with SLC) for the entire experiment 
after oil addition. Dissolved oxygen 
concentrations dropped to between 3.3 to 
4.7 mg/l in BL microcosms and 2.0 to 2.6 
in NFL microcosms even though oxygen was 
added via photosynthesis and in the 
fresh medium (approximately 8 mg/l every 
other day). For comparison, control 
microcosms reach dissolved oxygen 
concentrations of 9.2 in BL microcosms 
and 10.0 in NFL microcosms. 

The immediate reduction of oxygen 
in treated microcosms indicates a rapid 
acclimation of heterotrophic communities 
to the influx of petroleum hydrocarbons. 
In the dark systems, no oil toxicity 
to the overall heterotrophic activity in 
these experiments was observed. 

Low dissolved oxygen in treated NFL 
microcosms caused reducing conditions 

which resulted in the destruction of the 
oxidized microzone. Sediment release of 
inorganic phosphorus to the microcosms 
aqueous phase by day 70 occurred in the 
experiment. A rust color, due to 
iron (Appendix L), was imparted to the 
mi c roco sms' aqueous phase as al so 
occurred in NFL dark oil-treated micro
cosms. Phosphorus concentrations did 
not reach as high levels in diurnal 
NFL microcosms as in the dark micro
cosms; but this may have been because 
less severe reducing conditions occurred 
in diurnal systems or because nutrient 
uptake by both autotrophs and hetero
trophs was taking place. 

Mean rates at which oxygen was 
produced or consumed in diurnal micro
cosms are given in Table 23. Before 
treatment initiation, all three groups 
of microcosms within a lake had similar 
oxygen production rates. NFL microcosms 
had much higher production rates during 
this initial phase than BL microcosms; 
possible reasons are higher nutrient 
release rates from NFL microcosm sedi
ment and the coprecipitation of in
organic phosphorus wi th CaC03 in BL 
microcosms. Mass balance calculations 

Table 23. Oxygen production (negative values indicate oxygen consumption) rates 
for diurnal microcosms before and after oil addition. 

Lake 

Bear 

New Fork 

Treatment 

Control 
S. La. Crude 
Wyo. Crude 

Control 
S. La. Crude 
Wyo. Crude 

Oxygen Production Rate 
(mg/m2-d) 

Before Oi1a 

Addition 

45 
41 
62 

309 
268 
280 

After Oil 
Addition 

54
b 

-242 
-296 

72b 

-304 
-457 

BL values are based on three replicates and NFL on two replicates. 

~hese were pretreatment values for the microcosms. 
No oil was added to controls. 
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indicate an average of 670 mg of 
CaC03 precipitated from control BL 
microcosm aqueous phase during the 
experiment, and Figure 9 shows pH levels 
were high enough throughout most of the 
experiment (up to 8.5) to cause CaC03 
precipitation in water with high alka
linity, such as the BL medium (265 mg/l 
as CaC03). 

Following oil addition, treated 
microcosms consumed oxygen as demonstra
ted by the negative slopes on the oxygen 
accumulation curves (Figures 30 and 31). 
In contrast net production continued in 
control microcosms throughout the 
remainder of the experiment. The key 
fact illustrated by these data is that 
crude oil caused the ecosystems to 
become heterotrophically dominated. 
Potential reasons for heterotrophic 
domination are 1) toxic effects of crude 
oil inhibited plant growth and 2) 
increased organic loading (petroleum 
hydrocarbons) caused increased nutrient 
limitation to autotrophs as a result of 
nutrient competition from. competitively 
superior b ac teria. These potent ial 
explanaotions are analyzed in a later 
section. 

Oxygen consumption rates were 
higher for NFL microcosms treated 
with oil than for their BL counterparts 
(1.3 times for SLC and 1.5 for WC). 
NFL microcosms were more produc tive 
prior to oil addition (Figure 31), 
and at least some of the accumulated 
biomass was available for heterotrophic 
oxidation following oil addition. 

Oxygen consumption rates for 
systems treated with wc were greater 
than for those treated with SLC (1.2 
times in BL microcosms and 1.5 in 
NFL microcosms), possibly because 
components of WC were more readily 
susceptible to rapid oxidation than SLC 
or because more plant biomass was 
initially destroyed by WC than SLC and 
that additional dead biomass increased 
the detritus pool in microcosms treated 
with WC. Information is not available 
to determine the magnitude of these 
potential effects. 
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Biomass 

Biomass data were generally vari
able among microcosms for statisti
cally significant differences between 
controls and treatments to be detected. 
However, clear patterns existed (Tables 
15 and 16) and these will be discussed. 
Total biomass was consistently higher in 
control microcosms than in their oil
treated counterparts. This difference 
was mainly due to more biomass on the 
sediment surface, which was the maj or 
biomass component in all microcosms. 
Plants at the sediment surface were 
primarily macrophytes and filamentous 
algae with long life cycles and low turn 
over rates. Crude oil proved particu
larly detrimental to these plants and 
recovery was slow after initial toxic 
effects of the oil subsided. Biomass in 
the water column, which is dominated by 
rapidly growing planktonic species 
with short life cycles, was generally 
higher for oil treated microcosms. 
Recovery of these plants was more rapid 
after the initial toxic effects of crude 
oil had subsided. Biomass on the 
microcosm sides displayed no consistent 
differences between oil treated and 
control microcosms. 

Planktonic invertebrates in BL 
microcosms, composed mostly of Chydorid 
sp., were completely destroyed by the 
crude oils (Table 19). No tests were 
made to determine how long the oil would 
have had to weather before inverte
brates could have survived if rein
stated. In natural ecosystems planktonic 
invertebrate populations are frequently 
totally destroyed by an oil spill in a 
local region. However, new populations 
of planktonic invertebrates often 
migrate .to, and become established in, 
the affected region within weeks of a 
spill (Hyland and Schneider 1976). 
Thus, the observations that planktonic 
animals were absent for the entire 
experiment following oil addition may 
over estimate the impact of the oil, 
since reinoculation via migration 
was excl uded • 



Nutrients 

Analysis of nutrient data does not 
lead to significant conclusions concern
ing the effects of crude oil on the 
diurnal microcosms. Since both photo
synthesis and respiration were occur
ring, nutrient data analysis was 
unproductive. Basically, the microcosms 
were phosphorus limited, and that 
nutrient reached low concentrations by 
day 20 in all diurnal microcosms. 
Inorganic phosphorus remained at low 
levels in control and treatments al ike 
throughout the experiment in the BL 
microcosms due to a combination of 
primary production and decomposition. 
Similarly, significant differences 
between treatments and control micro
cosms did not exist for nitrate, 
nitrite, or ammonia in BL microcosms 
(Figure 13 and Appendix D). Parameters 
other than nutrient concentration (e.g. 
oxygen production and consumption) were 
more useful in determining whether 
primary production or respiration 
dominated in particular microcosms. 

A greater concentration of in
organic phosphorus in NFL oil-treated 
microcosms from days 70 through 90 did 
distinguish treatments from controls in 
that experiment (Figure 12). In the 
dark NFL microcosms, low oxygen condi
tions lead to reducing conditions that 
destroyed the oxidized microzone within 
the sediments. Concentrations of 
inorganic phosphorus increased in the 
aqueous phase of the treatment micro
cosms, and iron was released (Appendix 
L). It is significant that oxygen 
conditions were sufficiently low 
to cause reduced compounds to be re
leased from the sediments even in 
microcosms in which ppotosynthetic 
oxygen was being produced. Thus, 
dangerously low oxygen conditions could 
resul t following an oil spill even 
during a season and in a place where 
primary production is occurring. 
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Oil toxicity versus 
nutrient immobilization 

In this section the relative 
importance of oil toxicity and nutrient 
immobilization will be discussed rele
vant to crude oil mediated impacts on 
the microcosms' ecosystem. Bioassay 
experiments (Figures 4-7) and initial 
responses of plants in the microcosm 
experiments (Appendix E) clearly show 
that fresh, unweathered oil is toxic to 
plants. Other studies collaborate 
immediate toxicity of fresh crude 
oil to aquatic plants (Kauss and Hutch
inson 1975; Atlas et al. 1978). 
Thus, considerable evidence supports 
that fresh crude oil can be very 
destructive to plant communities. 

Marine and freshwater studies have 
shown that ov.erall bacterial populations 
are often stimulated by crude oil 
(Lock et al. 1981a, 1981b; Steward and 
Mark 1978; Atlas et al. 1978) al though 
some bacterial groups are inhibited 
(Colwell et al. 1978; Walker et al. 
1975; Hodson et al. 1977; Walker and 
Colwell 1974). 

The study support those findings, 
overall decomposer communit ies were 
apparently not adversely affected by 
crude oil. Oxygen consumption, an index 
of heterotrophic activity, increased 
immed iately following oil inj ec t ion 
(Figures 30 and 31). In addition, 
bacterial numbers increased in oil 
treated BL microcosms (this was not 
assessed in NFL microcosms) and the 
overall biomass in dark oil-treated 
microcosms was greater than that in 
their control counterparts. 

Increased heterotrophic activity 
immobilizes nutrients when an organic 
substrate is being oxidized that is low 
in critical nutrients such as nitrogen 
and phosphorus (Gaudy and Gaudy 1980). 
Crude oil is such an organic substrate 



(Panc irov 1974). This nutr ient lm
mob ilization by the decomposers of the 
crude oil is shown in Figure 26 for 
nitrate and orthophosphate in BL micro
cosms and in Figure 27 for nitrate in 
NFL microcosms. As long as petroleum 
hydrocarbons were being biologically 
degraded in these systems, nutri
ents would be continuously immobilized. 
Throughout the period following oil 
addition in these studies (48 d) there 
was a relatively constant rate of oxygen 
utilization in all microcosms, indi
cating a phase of nutrient immobol iza
tion of at least that long, and probably 
much longer, in systems exposed to oil. 
Thus, nutrient immobilization by hetero
trophs can limit nutrients availability 
to autotrophs, and this phenomenon can 
have major long-term disruptive effects 
In aquatic systems. 

Tht;'ee fac tors support the hypothe
sis that nutrient immobolization, 
rather than direct toxic effects of 
crude oil on plants, was the maj or 
effect causing a heterotrophically 
dominated ecosystem in oil-treated 
microcosms. First, the relative 
fluorescence (an index of chlorophyll) 
actually increased in the BL oil-treated 
mlcrocosms following oil addition 
(Figure 34). The autotrophs accounted 
for in this measurement would be small 
organisms with short life cycles. Thus, 
they could compete with bacteria for 
nutrients more easily than larger plants 
because of their high surface to volume 
ratios. Furthermore their short 1 He 
cycles permit quicker recovery after the 
initial toxic effects of the crude oil 
subsides. The increase in planktonic 
algal population in oil-treated micro
cosms may have been a result of nutri
ents being released from organisms 
destroyed by toxic effects of the oil 
(Gordon and Prouse 1973). It is con
ceivable that excess nutrients could 
have been available for a short time 
following the incidence of oil pollution 
(enough time for a planktonic algal 
population to increase) before severe 
nutrient 1 imitation occurred. Notice, 
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the pI anktonic algal popul at ion de
creased to near control levels 20 days 
after their initial increase in BL 
microcosms (Figure 34). The key point 
is that planktonic algal populations 
increased in oil-treated microcosms 
within 11 days after oil addition, thus 
initial toxic effects to that overall 
plant community was short-lived. 

The second piece of evidence 
resulted when inorganic phosphorus was 
released from sediments to the water 
column in NFL treated microcosms. A 
visually observed "greening up" indi
cated a more healthy and actively 
growing plant community (Appendix E). 
By the end of the experiment, some 
microcosms had experienced an increased 
oxygen concentration in their aqueous 
phase due to autotrophic production 
(Appendix D and Figure 15). Apparently, 
the plant community responded to in
creased levels of critical nutrients, 
and overall restriction of growth due to 
the oil did not occur. 

Thirdly, by increasing nutrients in 
the aqueous phase of BL microcosms 
following that experiment and observing 
the growth of.2.. capricornutum in the 
resulting medium, it was apparent that 
compounds restricting growth to that 
alga were not present in the oil treat
ments following 48 days of oil weather
ing (Figure 36). Neither the log phase 
of growth, nor overall biomass achieved, 
was affected by the weathered oil at two 
nutrient levels. 

Overall, the above evidence indi
cates that even though toxic effects of 
crude oils are very detrimental to plant 
growth initially, their toxic impact is 
diminished quickly. Over the long-term 
the increased dominance of heterotrophic 
popul at ions and overall rest ric t ion 
of photosynthetic communities following 
oil addition (Tables 16 and 17) due to 
nutrient immobil ization by crude oil
simulated decomposer populations were 
the primary environmental impact. 



Comparisons Between Lake Water 
Types and oil Types 

Comparisons between the BL and NFL 
microcosm experiments were not decisive 
in demonstrating different responses, 
due to soft versus hard water systems, 
to oil pollution. The most notable 
difference between the two microcosm 
experiments was a greater rate of oxygen 
consumption in NFL diurnal systems, but 
that difference cannot be attributed to 
water hardness. NFL sediments had a 
higher organic content than BL sedi
ments, hence even unoiled dark NFL 
microcosms had higher oxygen consumption 
rates than their BL counterpart. 
Greater net primary production (there
fore greater plant biomass accumulation) 
had occurred in diurnal NFL microcosms 
than BL microcosms by the time of oil 
addition; thus, the greater oxygen 
consumption rate of the former after oil 
addition was, at least, partially due to 
greater input of dead plant biomass into 
the detrital pool. In addition, a 
different plant community which 1 ikely 
had a different degree of susceptibility 
to crude oil toxicity developed in the 
two sets of microcosms. Even if the 
response of the plant community to crude 
oil had been tested in the two experi
ments, potential differences could have 
been due to differences of the plant 
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community or differences in water 
chemistry. 

The objective of this research was 
to simulate the natural ecosystem of BL 
and NFL as closely as possible in the 
microcosm experiment, hence sediments 
and inocula from the respective lakes 
were used. To test differences in oil 
responses between hard and soft water, 
it would be necessary to use a common 
sediment and inoculum of biotic com
ponents in microcosm experiments with 
water hardness as the only variable. 

Differences in responses of the 
biological community of the microcosm to 
the two crude oils were generally not 
substantiated by statistical analyses. 
Visual observations, and to some extent 
quantitative results, suggest that WC 
may have had greater toxic effects and 
exerted a higher oxygen demand than SLC, 
although there were exceptions. 

In general, responses to oil 
pollution were similar regardless of 
the lake being simulated or the crude 
oil used. Increased oxygen demand, 
nutrient immobilization, reduction in 
plant biomass accumulation and a hetero
trophically dominated biological com
munity resulted in all lake-oil type 
combinations. 



CONCLUS IONS 

Responses 0 f the Bear and New Fork 
Lake environments to impacts of South 
Louisiana (SLC) and Wyoming Crude 
(WC) oils were simulated in gas-aqueous
sediment microcosms. The following 
conclusions are based on results of 
these studies: 

1. Direct addition of from 0.08 to 
2.8 mlll crude oil reduced the maximum 
growth rate and standing crop of .!
capricornutum in modified bioassay 
tests. Furthermore, increasing concen
trations of the oils increased their 
deleterious effects. 

2. Addition of the suspended 
fraction of crude oils decreased 
the maximum standing crop, and in some 
cases maximum growth rate, of.!. capri
cornutum, but not to the extent of 
directly added oil. 

3. Al though all suspended oil 
bioassay treatments adversely af
fected !. capricornutum's growth re
sponse, differences in oil dosages had 
little effect. Apparently, the dis
solved hydrocarbon concentrations at the 
lowest initial oil dosage used (1.0 
mIll) were nearly as detrimental as 
those concentrations at the highest 
dosage (20 mIll). 

4. WC had greater effects than SLC 
in 14 day bioassay tests at a given oil 
concentration. 

5. Fresh crude oil was toxic to 
plants but not to overall decomposer 
communities. 

6. Increased rates of net oxygen 
consumption occurred within 8 days after 
oil addition in all microcosms. 

a. Elevated rates of net 
oxygen consumption persisted in 
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oiled microcosms for the 48 days 
that measurements were taken. 

b. The rate of net oxygen 
consumption was constant, in 
all but NF L dar k m i c roc 0 s m s , 
throughout the oil impacted 
portion 0 f the microcosm experi
ment. The effect of oil on 
oxygen demand was not diminished 
for the initial 48-day period 
after its addition. 

c. The rate 0 f oxygen con-
sumption' in NFL dark microcosms 
treated with oil was constant until 
oxygen concentrations dropped to 
approximately 1 mgll, at which time 
the rate declined. Biooxidation of 
oil was apparently reduced or even 
stopped under low oxygen conditions. 

d. Based on oxygen utilization 
rate in BL dark oiled microcosms. 
oxygen depletion would occur 
in approximately 20 days if an 
affected lake area 1 meter deep was 
initially saturated with oxygen, 
and had no additional oxygen input. 

e. Positive oxygen production 
occurred in all control diurnal 
microcosms throughout the 90 day 
experiments, but net oxygen 
consumption began within 8 days 
after oil addition to diurnal 
microcosms. 

7 _ Strictly quantitative inter-
pretation 0 f total gas and C02 pro
duction (or consumption) within the 
microcosms was confounded by inorganic 
aqueous chemical reac tions, biochemical 
compounds involved in photosynthesis or 
respiration, the multistep process of 
petroleum hydrocarbon oxidation and 
gaseous diffusion inhibition by the 



crude oil film at the microcosms aqueous 
phase surface. The aqueous phase of 
oiled microcosms was up to 51 percent 
under saturated relative to the gaseous 
phase over a 48 day period due to 
restriction of gaseous diffusion caused 
by the oil film. 

8. Iron and phosphorus were 
released from sediments in NFL oiled 
microcosms because of low oxygen condi
tions caused by the oil. 

9. Nitrogen and phosphorus were 
Ummobilized in dark, oiled BL microcosms 
as the nutrient poor crude oil was being 
biologically oxidized. 

a. Nitrogen was immobilized in 
dark, oiled NFL microcosms but this 
situation with respect to phos
phorus could not be determined 
because of inputs of sediment 
phosphorus. 

b. Primary production and 
decomposition were both occurring 
in diurnal microcosms so the extent 
that nutrients were immobilized by 
oil oxidizing' heterotrophs could 
not be directly determined. 

10. Overall biomass in dark, oiled 
microcosms was 2.5 to 3.0 times that in 
unoiled systems. Bacteria numbers were 
2.1 to 6.3 times higher in dark, 
oiled microcosms than their unoiled 
counterparts. 

11. Biomass accumulation, primarily 
composed of autotrophs, was curtailed by 
oil addition to diurnal microcosms. 

a. The site of greatest 
biomass reduction by oil in diurnal 
microcosms was the sediment sur-
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face, where plants with long life 
cycles and slow growth rates, such 
as macrophytes and filamentous 
algae, were dominant. 

b. Algal biomass in the open 
water column was increased within 
11 days after oil addition to BL 
microcosms. 

c. Planktonic biomass was 
greater in oiled microcosms (both 
BL and NFL systems) by day 90 of 
the experiment. 

12. Based on samples which were 10 
percent of the total microcosm volume, 
populations of invertebrates, Chydorids 
.!E.2.:.., were completely and immediately 
destroyed in BL microcosms by oil 
addition. 

13. Growth of ~. capricornutum was 
unaffected by the weathered oil fraction 
in the BL aqueous phase following that 
microcosm experiment. 

14. All evidence supports the 
hypothesis that the increased avail
ability of an organic substrate to the 
decomposers and nutrient 1 imitation to 
plants which was increased by nutrient 
immobilization by oil-decomposers, 
rather than toxic effects of crude oil 
on plants, were the major factors 
leading to the long-term heterotrophi
cally dominated ecosystem following oil 
addition. 

15. Increased oxygen demand, 
nutrient immobilization, reduction 
in plant biomass accumulation, and a 
heterotrophically dominated biological 
community were common results of oil 
addition to all experimental lake-oil 
type combinations. 



PART II 

EFFECTS OF CRUDE OILS ON AQUATIC PLANT LITTER DECOMPOSITION 

METHODS AND MATERIALS 

Field Experiment 

This portion of the study was 
performed to assess environmental 
consequences of crude oils on the 
decomposition of autochthonous plant 
litter in the littoral zones of Bear 
Lake (BL) and New Fork Lake (NFL). In 
the event of an oil spill on a lake, 
littoral zones could be affected to a 
great extent because of wind transport 
of the slick to those zones, and adher
ence of oil to surfaces, such as vegeta
t ion. For this reason, and because 
littoral plant decomposition is an 
important function in lakes, this 
decomposition study is relevant to the 
assessment of impacts that could affect 
a lake following an oil spill. 

The site for the in situ decomposi
tion study at BL was in the littoral 
region directly east of the Utah State 
Limnology Laboratory. Plant litter 
substrates were anchored in approxi
mately 2.5 m of water on July 29, 1980. 
A drop in water level during the experi
ment necessitated movement of the 
substrates to a deeper site approximate-
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ly 100 m to the east of the original 
site on day 115 of the experiment. The 
minimum measured water depth over .the 
substrates was 1.5 m. A description of 
the Bear Lake study site is given in 
Table 24. 

The NFL study site was approximate
ly 150 m offshore of the United States 
National Forest Service boat ramp on the 
northwest shore. Plant litter sub
strates were anchored on August 14, 
1980, in 2.5 m of water; the water 
depth increased to 3 meters during 
spring runoff (June 1981). Addi
tional information on the NFL site is 
found in Table 24. 

The experimental design included 
two oil treatments and a control for 
each of two plant litter types and two 
lakes. Destructive sampling, with three 
replicates per treatment, was performed 
nine times in each lake. Sampling dates 
and lake temperatures are 1 isted in 
Table 25. 

Plant litter used for this study in 
both lakes was obtained from .fresh Typha 



Table 24. Characteristics of decomposition study sites for Bear and New Fork Lakes. 

Bear Lake New Fork Lake 

Sediment Type Sandy and unconsolidated Clayey and matted together 
with roots and other 
organic debris 

Macrophytes 
Present 

Percent Cover 

Potamogeton ~. 
Rununculus ~. 

7.2 (Sd = 5.0, n = 7) 

Elodia ~. 
Potamogeton .!E.E... 
Rununculus ~. 
Myriophyllum ~. 

61.9 (Sd = 15.8, n = 9) 

Table 25. Sampling dates and lake temperatures for litter decomposition study. 

Bear Lake 
Date Temp. Day of 

°c Experiment 

July 30, 1980 22 0 

Aug. 2 22 3 

Aug. 6 20 7 

Aug. 13 19 14 

Aug. 27 17 28 

Sep. 23 15 55 

Nov. 21 7 114 

Mar. 23, 1981 5 236 

June 16 13 321 

July 30 23 365 

latifolia (common cattail) and Pota
mogeton foliosus (pond weed). ~ 
latifolia was collected from a small 
marsh near the· Bear Lake Utah State 
Boat Marina. P. foliosus was collected 
from the Wellsville Reservoir near the 
stream outlet. After collecting the 1.. 
latifolia litter it was immediately cut 
into 8-10 cm sections. Both litter 
types were allowed to air dry; one day 
for P. fo 1 iosus and two days forT. 
latifOlia. Following the air drying, 
the pl an t 1 it t er was separated into 
quantities of approximately 25 g for T. 
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Nevl Fork Lake 
Date Temp. Day of 

°c Experiment 

Aug. 14, 1980 16 0 

Aug. 17 16 3 

Aug. 21 16 7 

Aug. 28 15 14 

Sep. 11 14 28 

Oct. 9 11 56 

Nov. 24 5 102 

May 8, 1981 5 267 

June 24 14 314 

Aug. 14 18 365 

latifolia and 6 g for!. foliosus and 
then weighed to the nearest 0.1 mg. The 
preweighed litter was sewn into 15 by 15 
em fiber glass litter bags with a 1.5 mm 
mesh size (Bobcock and Gilbert 1957). 
Additional litter samples were weighed, 
oven dried at 80°C for 24 hours, and 
reweighed to obtain data for an air
dried to oven-dried regression so data 
could be converted to an oven-dried 
basis. 

Treatments were established by 
submerging one-third of the prepared 



litter bags for each plant species into 
either South Louisiana Crude (SLC) or 
Wyoming Crude (WC). Excess oil was 
allowed to drain from the 1 itter for 24 
hours. The plant 1 itter bags were 
maintained at 5°C while being transport
ed to the field study sites where they 
were anchored to begin the experiment. 

On each sampling date, individual 
litter bags were placed into 0.95 t, 
mason jars filled with ambient lake 
water to determine oxygen consumption 
rates by the decomposer community 
associated with the litter. The jars 
were then firmly sealed and incubated in 
the dark at ambient lake temperatures 
for 3.5 to 4.5 hours. Following incuba
tion, water was siphoned from the 
individual mason jars into 300 ml 
dissolved oxygen bottles, and dis
solved oxygen contents were deter
mined by the Winkler Azide method 
(APHA 1980). Four to six mason jars 
were simultaneously filled with lake 
water to serve as respiration con
trols. 

Following determination 0 f the 
dissolved oxygen utilization rates, 
plant litter was removed from the litter 
bags and oven dried at 80°C for 40-48 
hours. The litter mass was then weighed 
to 0.1 mg. A subsample (about 1 gram) 
was reweighed and submerged in redis
tilled benzene in a 500 ml flask and 
shaken at 100 rpm for 24 hours on a 
mechanical shaker to remove the oil 
coating. This process was followed by 
st raining the pl ant 1 it ter from the 
ben zen e - 0 i 1 mix t u r e us in gal mm 
mesh screen. The T. latifolia litter 
was then reduced to approximately 5 mm 
length pieces, and both litter types 
were returned to the flask with fresh 
benzene and again shaken for 24 hours at 
100 rpms. The plant litter was strained 
from the benzene and submerged into 
fresh benzene to remove any remaining 
oily film. Finally, the litter was oven 
dried at SOGC for 24 hours and reweighed 
to 0.1 mg. The final weight was the 
amount of plant litter remaining on that 
sampling date, and the weight difference 
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before and after the oil extraction with 
benzene was the amount of oil on the 
litter. Prel iminary analyse s assured 
that the oil-extraction procedure did 
not change the weight (or other measured 
parameters) of the plant litter. Addi
tionally, unoiled (control) litter was 
also subjected to the benzene treatment 
throughout the experiment without 
significant weight loss (Appendix E). 

Plant litter from both lakes was 
analyzed for ash, phosphorus, and 
nitrogen content on each sampling date. 
Ash content was determined by ashing the 
litter at 550°C for at least 2 hours. 
Phosphorus content of the ash was 
determined using acid-persulfate di
gestion followed by the ascorb ic-.acid 
test for reactive phosphorus (APHA 
1980). The percent nitrogen content of 
the litter was determined using a 
Coleman Model 129 Nitrogen Analyzer. 
Carbon content was calculated by assum
ing that the carbon was 47.5 percent of 
ash-free dry weight (Carpenter 1980). 

Laboratory Experiment 

Litter bags containing a known 
weight of oiled (with WC) or unoiled P. 
foliosus litter were prepared using the 
same technique as in the field portion 
of this study. Four of these litter 
bags were placed in separate laboratory 
aquaria containing natural sediment from 
either BL or NFL and a synthetic 
aqueous medium simulating the appro
priate lake chemistry (Table 6). 
Dupli~ate experimental units were 
estab lished for both oiled and unoiled 
litter and for each lake, making a total 
of eight experimental aquaria in all. 
Approximately equal plant mass to water 
volume and plant mass to sediment 
surface ratios were maintained through
out the experiment for all treatments. 
The aquaria were kept in the dark to 
preclude autotrophic production. Air 
was continuously bubbled through a 
diffuser to maintain oxygen l.n the 
water. 



The average water residence time in 
all aquaria was 21 d. Concentrations of 
ammonia, nitrite, nitrate, orthophos
phorus and total phosphorus in the 
aqueous medium were determined on days 
0, 1, 3, 7, 14, 28, and 35 of the 
experiment for each aquarium. Ash, 
phosphorus, and nitrogen content of the 
plant litter and total sediment phos
phorus were determined on days 0, 14, 
and 35. An attempt was made to quantify 
total phosphorus associated with oil on 
the litter bag mater ia1 on day 35. 
Techniques for the nutrient analyses not 
already described appear in Appendix F. 
A mass balance technique was used to 
estimate the quantity of nutrients 
released or taken up by the decomposing 
litter between sampling intervals. 

Data Analysis 

The decomposition model developed 
by Godshalk (1977) (Equation 8, Figure 
1) was used to describe the decay of 
litter in these experiments. 

Data were fit to the model and 
parameters determined using the computer 
program appearing in Appendix G. 

Temperature corrections (to 20°C) 
we re made on fie 1 d decompos i t ion 
rate data using the temperature cor
rection model presented by Schneiter 
and Grenney (1982). That model states, 

where 

(11 ) 

KT is the decay coefficient at 
any temperature 

KR is the decay coefficient at 
the reference temperature (i.e. 
20°C) 

f' = 

(1 + Gt (exp [Y(TR-TQ,) J - 1» exp [Y(T-TR.) J 

1 + GQ, [exp (Y(T-TQ,» - lj 
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TR is a given reference tempera
ture 

TQ, is the lower threshold tempera
ture 

G is the upper threshold tempera
ture 

T the temperature for which "f'" 
is required 

GQ, is the temperature correction 
coefficient at T Q, 

Y = (T ]..I T )
-1 'J.98 (1- GQ,) 

Q, In ( GQ, 1 -0.98) 

Parameter values used were: upper 
t h res hoI d t em per at u r e (T]..I) i s 37 0 C 
(Carpenter and Adams 1979), lower 
threshold temperature (T~) is 1.0 0

, and 
lower temperature adjustment factor (GQ,) 
is O. 11 . Th e 1 a t t e r two val u e s are 
within a range given by Grenney and 
Kraszewski (1981). A copy of the 
computer program used to correct for 
temperature wi th the above model is 
presented in Appendix H. 

Decay coefficients for P. foliosus 
at five controlled temperat~es (5) 9, 
11, 20, and 22°C) were determined to 
calibrate the temperature correction 
model. The procedure to obtain the 
decay coe ffic ients involved pI ac ing 
litter bags containing plant litter in 
dark aquaria which were maintained at 
the desired temperature in laboratory 
refrigerators. or incubators. The 
duration of these experiments was 35 
days and the aqueous medium residence 
time in the aquaria was approximately 20 
days (maintained by fresh medium ex
change every other day). The number of 
repl icates at each temperature varied 
from 4 to 8. 

A two by two factorial analysis of 
variance model was used to analyze the 
field data ob tained for decomposing 
plant litter (the factors were treatment 
by oil and time). 



RESULTS 

Litter Decomposition Rates 

The proportions of plant litter 
remaining throughout the year for all 
experimental treatments were fit to 
Equation 8 (Figure 1). Resul ts are 
graphically presented in Figures 37 
and 38. Regression estimates of model 
parameters with corresponding correla
tion coefficients (r2) are presented 
in Table 26. High values of Ko in
dicate rapid initial decomposition of 
the plant litter (e.g. control P. 
foliosus litter). High values for the 
parameter "a" means that the rate of 
decomposition is quickly decreasing 
through tUne (e.g. oiled Typha litter in 

both lakes). An illustration of the fit 
of a typical set of data over a year's 
period to Equation 8 is presented in 
Appendix Figure G-l. 

In both lakes oiled, T. latifolia 
litter initially lost mass at a greater 
rate than unoiled control litter (Fig
ures 37 and 38). Following this initial 
stage, however, decomposit ion was more 
rapid for unoiled T. latifolia. Decom
position proceeded-at a more rapid rate 
for unoiled P. foliosus litter than for 
oiled 1 itte~ throughout the entire 
experiment. The differences were more 
pronounced in NFL than in BL for oiled 
versus unoiled P. foliosus litter. 

Table 26. Paramer values and correlation coefficients based on Equation 8 for var
ious lakes, litter types, and treatments. 

T. latifolia 
Control 
S. La. Crude 
Wyo. Crude 

P. foliosus 
Control 
S. La. Crude 
Wyo. Cryde 

T. latifolia 
Control 
S. La. Crude 
Wyo. Crude 

P. foliosus 
Control 
S. La. Crude 
Wyo. Crude 

BEAR LAKE 
Ko 

0.0108 
0.0120 
0.0180 

0.0658 
0.0394 
0.0440 

NEW FORK LAKE 

Ko 

0.00248 
0.00446 
0.00869 

0.0708 
0.0286 
0.0360 
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a r2 

0.0094 0.95 
0.0144 0.95 
0.0250 0.96 

0.0154 0.99 
0.0185 0.85 
0.0155 0.97 

a r2 

0.0027 0.97 
0.0125 0.97 
0.0216 0.94 

0.0204 0.99 
0.0257 0.76 
0.0329 0.76 
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Figure 37. The percent of plant litter remaining through time as fit by Equation 8. 

88 



100 

(!) 

~ 75 
Z 
<l 
:IE 
lJJ a: 50 
I-
Z 
lJJ 

~ 
lLJ 25 a.. 

,... 
~". ' ..... -

". ..... ..... 
"" ' ..... 

'. 

New Fork Lake 
JYP'ha latifoUa 

""---~---.. .,.... -- ............. -
........... _ _ S. La. Crude 

•••••• " ••••••••••••.• :: :-. -: .... __ ..•••• •• • • • • . • . Wvo. Crude 
__ ........ 4 ~ ~'''.'''' 

------___ Control -------

O~----~------~----~------~------r_----~----~------

100 

(!) 
z 75 
z 
<t 
:E 
lLJ 
a: 50 
I-
Z 
lLJ 
<.:) 
a: 
lLJ 25 a.. 

a 50 100 150 200 250 300 :350 

TIME(d) 

New Fork Lake 
Potamogeton foliosus 

. • . • '" • • • • • • • • • • • • • • .. .... " • • ••• .. .. • • .. .. • . ••• • • • • • •• • • •. ~Y9" • <;:~I!d ........ .. 
S. La. Crude 

O+-----~------~----~----~~----~----~----~-------o 50 100 ISO 200 250 300 350 

TIME (d) 

Figure 38. The percent of plant litter remaining through time as fit by Equation 8. 
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Results from an analysis of vari
ance comparing treatment effects 
on the litter mass remaining for the 
nine sampling dates throughout a year 
are shown in Table 27 and Appendix I. 
The amount of litter remaining is 
significantly different between treat
ments for both plant species in both 
lakes. Individual treatment comparisons 
(based on least significant differences) 
are presented in the last three columns 
of Table 27. These results demonstrate 
that the average amount of litter 
remaining was greater for the oiled than 
for the control litter in both lakes for 
both plant species. Date and treatment
date interactions were also significant 
(except for Bear Lake P. foliosus). 
Significant date differ~ce indicates 
the amount of plant material decreased 
significantly through time. Significant 
treatment-date interactions reflect 
a different pattern of weight loss 
throughout time for oiled versus unoiled 
litter. Treatment-date interactions are 
most apparent for T. latifolia in both 
lakes; initially7 the oiled litter 
weight loss was .more rapid than that of 
unoiled litter, but later in the year 
unoiled litter decomposed more rapidly 
(Figures 37 and 38). Individual treat
ment and control-treatment statistical 
comparisons are presented in Appendix I. 

Temperature Corrected Decomposi
tion Patterns 

The curve of temperature correction 
factors for temperatures between 0 and 
30°C is shown in Figure 39. Laboratory 
obtained mean values (4 to 8 replicates 
per temperature) illustrate agreement 
with the model prediction. The rela
tionship was used to correct all lake 
decompos i t ion rates to 20°C. Th i s 
correcion permitted comparisons within a 
treatment (or control) to be made 
between BL and NFL (Figures 40-42). 

Direct comparisons can be made 
between these lakes within a treatment 
for P. foliosus litter because of 
similar control litter decomposition 
rates (Figure 40). The same cannot be 
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Figure 39. 

10 15 20 25 

TEMPERATURE ·C 

Temperature correction fac
tors as a function of differ
ent temperatures. Mean labor
atory data at various temper
atures are represented by 
points and the standard de
viation by brackets. 

said for T. latifolia, which had 
higher decomposition rates for its 
control 1 itter in BL than in NFL, when 
corrected to 20°C. Values for the 
decomposition model parameters, cor
rected to 20°C, are shown in Tab le 28. 
Oil apparently had a much greater effect 
on the decomposition of NFL P. foliosus 
litter than on that litter in BL. This 
is shown by the lower rate of decomposi
tion and less complete loss of oil P. 
foliosus litter in NFL versus BL (Fig
ures 41 and 42 and Table .28). 

Oil Loss from Plant Litter 

The pattern through time of oil 
loss from plant litter in the experi-

30 
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Table 27. Comparisons between plant litter remaining for oiled and unoiled litter on nine dates over a 
year's time. 

Statistical Average Percent Plant Litter Remaining 
Plant Effect Overall Significance 

unoiled S. La. Crude Wyo. Crude 

BEAR LAKE 

T. latifolia Treatment *a 63.9Ab 67.6B 65.7AB 
Dates ** 
Tmt. x Dates ** 

P. foliosus Treatment ** 25.IA 37.1 B 34.5B 
Dates ** 
Tmt. x Dates ns 

NEW FORK LAKE 

T. latifolia Treatment ** 8I.8A 84.9B 79.4A 
Dates ** 
Tmt. x,Dates ** 

P. foliosus Treatment ** 23.3A 50.6B 51.7B 
Dates ** 
Tmt. x Dates ** 

Additional information on the statistical analysis can be found in Appendix I. Table 1-2. 
a Significant difference at 0 = 0.05 (*>. 0 =0.01 (**) or not significant (ns). 
bV~lues in a given row followed by the same letter are not significantly different (0 = 0.05) as 

determined by least significant differences. 
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Table 28. Parameter values for litter decomposition rates corrected to 200 C and 
fit to Equation 8 for various lakes, litter types, and treatments. 

T. latifolia 

Control 
SLC 
WC 

P. foliosus 

Control 
SLC 
WC 

T. latifolia 

Control 
SLC 
WC 

P. foliosus 

Control 
SLC 
WC 

mental lakes is shown in Figures 43 and 
44. All data are normal ized to the 
amount of oil associated with the plant 
litter on day three of the experiment 
(i.e., oil rapidly lost by physical 
means before day 3 was not included). 
Table 29 contains results of a statisti
cal analys i s 0 f the 0 il loss data. 

Considering both plant species and 
both oil types, on the average more oil 
was lost from BL plant litter than from 
NFL plant 1 itter. Also, P. foliosus 
litter lost more than did T. latifolia, 
considering both oil types and lakes. 
wi th all dates, both pl ant spec ies and 
both lakes considered, more SLC was lost 
from plant litter than WC. Both oil 
types decreased in quantity through 
time for both plant spec ies and lakes. 

BEAR LAKE 

a 

0.0137 
0.0147 
0.0192 

0.0094 
0.0168 
0.0241 

0.0704 0.0140 
0.0427 0.0179 
0.0472 0.0138 

NEW FORK LAKE 

Ko a 

O. 0051 0.0045 
0.0075 0.0193 
0.0 15 7 0.0483 

0.0769 0.0160 
0.0322 0.0266 
0.0381 0.0350 
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The information in Table 29 shows 
that P. foliosus litter lost a greater 
propo;tion of its oil than T. latifolia 
in BL. This was not true in NFL. 
Additionally, there was a greater 
proportion of oil loss from P. foliosus 
litter in BL than in NFL, but there was 
no difference in oil loss from T. 
latifolia between lakes. Analyzing 
other comparisons, a greater proportion 
of SLC than WC was lost in ,BL. In NFL 
the overall average proportion of loss 
was equal for the two crude oils. On 
the average, more of both crude oils was 
lost in BL than NFL. There was no plant 
species--oil type interaction; for 
example, the loss from T. latifolia was 
not un 1 ike t hat f r om- P • f 0 1 i 0 sus 
relevant to differences between SLC and 
WC. 
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Table 29. Summary information on the quantity of oil remaining on the plant litter throughout the year's 
experiment. 

Overall 
Comparison Significance 

Level 

Lakes **a 

Species ** 

Oil Type ** 

Dates ** 

Lakes--Species ** 

Lake--OH Type ** 

Species--Oil Type ns 
Lake--Dates ** 

Species--Dates * 
Oil--Dates ns 

Comment 

oil loss from plant litter in Bear Lake was more rapid than in 
New Fork Lake 

oil loss from P. foliosus litter was more rapid than 
T. latifolia 

S. La. Crude was lost from plants more rapidly than Wyo. Crude 

Sign i ficance 
Level of 
Specific 

Comparisons 

The oil coating on plant litter decreased in quantity through time 

oil loss from P. foliosus more rapid than from T. latifolia in 
Bear Lake - ** 

Oil loss from P. foliosus more rapid in Bear Lake than New 
Fork Lake ** 

T. latifolia versus P. foliosus in New Fork Lake ns 
T. latifolia in Bear-Lake versus New Fork Lake ns 

S. La. Crude loss more rapid than Wyo. Crude in Bear Lake 
S. La. Crude loss more rapid in Bear Lake than New Fork Lake 
Wyo. Crude loss more rapid in Bear Lake than New Fork Lake 
S. La. Crude versus Wyo. Crude in New Fork Lake 

oil decreased more rapidly in Bear Lake than New Fork Lake 
through time 

oil on P. foliosus decreased more rapidly than it did on 
T. lati101ia . 

** 
** 
** 
ns 

Additional information on the statistical analysis can be found in Appendix I. Table 1-3. 
aSignificant difference at a ~ 0.05 (*). a = 0.01 (**). or not significant (ns), 



Plant 1 itter in BL lost oil faster 
than did litter in NFL. Also, over both 
lakes and oil types, P. foliosus lost 
oil at a more rapid rate than did T. 
latifolia. 

Invertebrates Associated with 
Plant Litter 

The numbers and types of inverte
brates associated with oiled and 
unoiled decomposing plant litter on the 
final day of the experiment are shown in 
Table 30. Unoiled litter had more 
invertebrates than did oiled litter in 
both lakes. Although these data were 
quantified only on day 365 of the 
experiment, visual observations indi
cated the difference was greater 
earlier in the experiment before the oil 
weathered. 

Dissolved Oxygen Utilization 

Rates 

Dissolved oxygen util ization rates 
for the decomposer community associated 
with plant litter of various treatments 
are shown in Figures 45 and 46. The 
maj or purpose for this presentation is 
to demonstrate effects of the crude oil 
on oxygen consumption by comparing 
treatments and controls date by date. 
Re s u 1 t s 0 f s tat is tic a 1 an a 1 y sis 0 f 
variance tests are presented to help 
interpret these data (Table 31 and 
Appendix I). 

There were no significant differ
ences in the yearly average oxygen 
consumption rates between controls and 
treatments in BL. Significant differ-

Table 30. Number of invertebrates associated with decomposing T. latifolia litter 
on day 365 of the decomposition experiment. -

Lake 

Bear Lake 

New Fork Lake 

Invertebrate 

CHIRONOMIDAE 
(True midges) 

HIRUDINEA 
(Leeches) 

CHIRONOMIDAE 
(True midges) 

Paraleptophlebia ~. 
(May flies) 

Hyallella azteca 
(Amphipods) 

PELECYPODA 
(Fingernail clams) 

PLECOPTERA 
(Stone flies) 

Control SLC WC 

24.0 (2.5) 3.3 (2.1) 0.7 (1.2) 

0.3 (0.6) o o 

22.3 (17.6) o 1.1 (1.2) 

9.0 03.9) o o 

o o 2.7 (4.6) 

o o 1.0 (1.7) 

0.3 (0.6) o o 

Mean numbers (n=3) with standard deviations are in parentheses. 
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Figure 45. Rate of oxygen utilization of decom
poser communities on plant litter in 
Bear Lake. 
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poser communities on plant litter in 
New Fork Lake. 
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Table 31. Comparisons between the overall average oxygen utilization rate for oiled and unoiled plant 
litter. 

Statistical Average Oxygen Utilization Rates 
Plant Comparison Overall Significance (mg DO consumed/g initial litter wt-d) 

Unoiled S. La. Crude Wyo. Crude 

BEAR LAKE 

T. latifolia Treatment nsa 3.l3Ab 3.03A 3.0lA 
Dates ** 
Tmt. x Dates ** 

P. fol iosus Treatment ns 4.82A 5.12A 5.04A 
Dates ** 
Tmt. x Dates ** 

NEW FORK LAKE 

T. latifolia Treatment ** 2.67A 3.07B 3.39C 
Dates ** 
Tmt. x Dates ns 

P. foliosus Treatment ** 4.45A 6.66B 6.86B 
Dates ** 
Tmt. x Dates * 

aSignificant difference at a = 0.05 (*), a = 0.01 (**) or not significant (ns). 
bValues in a given row followed by the same letter were not significantly different at the 5 percent 

level as determined by LSD. 



ences did exist between dates for both 
plant species in BL; the difference was 
largely due to decreasing respiration 
rates as the experiment progressed. 
Treatment-date interaction comparisons 
were also significant in BL for both 
plant species. 

A significant overall treatment 
effect existed in NFL for both plant 
species. The oil treatments caused 
higher average oxygen consumpt ion rates 
than that of control litter) additional
ly WC treated 1.. latifolia 1 itter had 
higher respiration rates than SLC 
treated litter. Overall date effects 
were significant for both plant species 
and treatment-date interactions in NFL 
for P. foliosus. 

The oil had no apparent initial 
inhibitory effects on the rate of 
decomposer ac tivity t as measured by 
dissolved oxygen consumption. Of all 
comparisons over the first 14 days in 
both lakes for treatments within a plant 
species) only three are significantly 
different. Two of these differences 
resulted because oiled litter was 
consuming dissolved oxygen at a greater 
rate than unoiled litter. The two 
oil treatments had different utilization 
rates for the third difference (Appendix 
I) . In general) respiration rates for 
oiled litter were higher than for 
unoiled litter through the initial 14 
days) even when the difference was not' 
statistically significant. 

For the remainder of the experiment 
(351 d), oiled litter for both plant 
species in NFL had higher respiration 
rates than did unoiled litter. At least 
one of the oiled treatments was signifi
cantly higher than the unoiled control 
on three of the remaining six dates for 
T. latifolia and on all six dates for P. 
fo liosus. Except at the end 0 f the 
experiment (day 365), WC caused higher 
respiration rates than did SLC for both 
plant species in NFL (this consistent 
difference was statistically significant 
on days 3 and 28 for~. foliosus and day 
3 for T. latifolia). 

101 

Patterns concerning effects of 
crude oil on respiration rates were not 
clear in BL after day 14; unoiled 1. 
latifolia litter had higher respiration 
rates as soc iated with it than oil ed 
litter on day 28 (WC and SLC) and day 
365 (SLC). However, the control litter 
had a significantly lower rate than SLC 
treated litter on day 321. Overall, 
the yearly oxygen consumption pattern 
for T. latifolia in BL was inconsis
tent; on alternate dates respiration 
rates were first higher then lower for 
oiled treatments relative to control 
litter. Differences between oil types 
were also inconsistent. 

A clear pattern for respiration 
rates between oiled and unoiled P. 
foliosus was also absent in BL. As with 
T. latifolia, respiration rates were 
sometimes higher for controls, and 
sometimes higher for oiled treatments 
on a date to date basis. Only one 
significant difference occurred after 
day 14; on day 28 the WC treatment had a 
higher respiration rate than either the 
SLC or the control litter. 

Oxygen consumed per plant 
mass decomposed 

Values of the total mass of oxygen 
consumed over the duration of the 
experiment divided by the total mass of 
litter decomposed (in the same units) 
for the various plants and treatments in 
both experimental lakes are presented in 
Table 32. Results of tests for signifi
cant differences caused by the oil are 
presented in Table 33. A significantly 
larger mass of oxygen was utilized per 
oiled litter decomposed in all cases 
except P. fol iosus in Bear Lake. 
Significa;t differences in the oxygen 
consumed per plant mass decomposed ratio 
do not exist in either lake between the 
two oiled treatments (Le. SLC vs WC). 
Results of the tests for significant 
differences between lakes are presented 
in Table 34. NFL's value is higher than 
BL's in all cases where significant 
differences were found. 



Table 32. Ratio of oxygen mass utilized to mass of plant litter lost over a year1s 
period. 

Lake Plant Treatment Mean Sd 

(g Oxygen Utilized/g Litter Lost) 

Bear T. latifolia Control 1.36 0.03 
S. La. Crude 1. 70 0.18 
Wyo. Crude 1.65 0.09 

P. foliosus Cont rol 0.73 0.09 
S. La. Crude 0.88 0.24 
Wyo. Crude 0.89 0.12 

New Fork T. latifolia Control 1.63 0.20 
S. La. Crude 2.92 0.56 
Wyo. Crude 3.09 0.80 

P. foliosus Cont rol 0.73 0.20 
S. La. Crude 2.46 0.22 
Wyo. Crude 3.48 0.94 

Table 33. Results of tests for significant differences between oiled and unoiled 
litter for the mass of oxygen utilized per mass of plant litter decom
posed over a year's period (i.e., those values listed in Table 31). 

Statistical Comparisons 

Control vs Cont rol vs S. La. Crude vs 
Lake Plant S. La. Crude Wyo. Crude ~vyo • Crude 

Bear T. latifolia **a(C<SLC) **(C<WC) ns 
P. foliosus ns ns ns 

New Fork T. latifolia **(C<SLC) **(C<WC) ns 
P. foliosus **(C<SLC) **(C<WC) ns 

aSignificant differenc.e at (l = 0.01 (**) or not significant (ns). 
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Table 34. Results of tests for significant differences between lakes in the mass 
of oxygen utilized per mass of plant litter decomposed over a year 
(i.e., those values listed in Table 31). 

Statis tical 
Comparison T. latifolia P. foliosus 

Controls 
S. La. Crude 
Wyo. Crude 

*aCNFL > BL) 
**CNFL > BL) 
**(NFL > BL) 

ns 
**(NFL > BL) 
**(NFL > BL) 

aSignificant difference at a • 0.05 (*)J a· 0.01 (**)J or not 
significant (ns). 

Litter Environment Nutrient 
Exchange 

Nutrient loss from decomposing 
litter 

Cumulative losses of nitrogen and 
phosphorus from decomposing f. foliosus 
are presented in Figures 47 and 48. 
These nutrient losses are expressed in 
mg lost per gram of litter at the onset 
of the experiment; therefore, the 
quantity reported lost is a function of 
the am 0 un t 0 f 1 itt e r dec om po sed. 
Figure 47 shows that nitrogen was lost 
more rapidly from unoiled plant litter 
than from the corresponding oiled 
litter. In situ unoiled litter ap
proached 40 -;g-N lost per gram 0 f 
initial plant litter by day 55 of the 
experiment in both lakes. Unoiled 
litter in the laboratory study ap
proached 30 mg N lost per gram during 
the first 35 days of the experiment. 
Oiled plant litter lost from 7 to 43 
percent less nitrogen than their unoiled 
counterparts. 

The amounts of phosphorus lost by 
oiled and unoiled P. foliosus litter 
in BL and NFL and their associated 
simulated laboratory systems are shown 
in Figure 48. Phosphorus loss from 
unoiled plants was greater than from 

oiled litter within all sets of cor
responding pairs (except in BL). 
Between 3 and 4 mg of phosphorus per 
gram initial 1 itter was lost from the 
unoiled litter by day 55 in both natural 
lakes and by day 35 in the laboratory 
systems. The negative slope between 
days 28 and 55 in the lakes indicates 
phosphorus was being taken up by the 
litter decomposers from the surrounding, 
water. 

First order decomposition coeffi
cients for the litter involved in this 
portion of the study are given in Table 
35. The coefficients pertain only to 
the duration of the nutrient experi
ments (55 days for the lakes and 35 days 
for the laboratory systems). The 
laboratory decay coefficients for oiled 
litter is very similar between simulated 
lakes, but the actual lake values are 
quite different. 

Carbon to nitrogen (C:N) and carbon 
to phosphorus ratios (C:p) were calcu
lated for in situ P. foliosus litter ----throughout the year. Appendix J contains 
C:N and C:P ratios for all dates J 
treatmentS J both lakes and plant 
species. Figure 49 is a typical set of 
C: N resul ts compar ing oil ed versus 
unoiled litter. Table 36 is a summary 
of statistical results comparing oiled 
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Table 35. First order decay coefficients (K) for oiled and unoiled!. foliosus 
litter in two lakes and their simulated laboratory systems. 

0 

~ a::: 
z 
u 

Unoiled Oiled 
K (day-I) 

Bear Lake 
New Fork Lake 

0.044 
0.051 
0.033 
0.028 

0.030 
0.013 
0.017 
0.016 

10.0 

7.5 

5.0 

2.5 

Simulated Bear Lake Experiment 
Simulated New Fork Lake Experiment 

A 

A6 -A -A 

t 
~ 

.. 
... - _6 A 

• Unoiled 
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Figure 49. C:N ratio versus the proportion of litter remaining for oiled and un

oiled!. foliosus litter in New Fork Lake (results are typical of C:N 
and C:P ratios of other plant-like categories). 
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and unoiled litter using analysis of 
covan.ance. No significant differences 
existed. 

Nutrient mass balance in 
laboratory systems 

The above analyses are based on the 
weight of nutrients lost per gram of 

initial litter weight. In Table 37 data 
are presented in terms of the weight of 
nutrients released to the surrounding 
waters per gram of litter decomposed 
over 35 days in the laboratory systems. 
The ac tual quantity of inorganic nutri
ents released to the water due to the 
decomposing litter (rather than the 
quantity lost from the plant litter) was 

Table 36. Statistic summary of a C:N and C:P comparison between oiled and unoiled 
litter. 

C:N Bear Lake 
New Fork Lake 

C:P Bear Lake 
New Fork Lake 

F Ratio 

0.00008 
1.64 

0.102 
0.646 

Probability That Treatments 
Are The Same 

0.993 
0.202 

0.750 
0.423 

(ns)a 
(ns) 

(ns) 
(ns) 

aNot significantly different (ns), values of 0.05 would be 
considered significant. 

Table 37. Quantities of nutrient released to surrounding water from unoiled and 
oiled P. foliosus litter over 35 days of decomposition. 

Nutrient Bear Lake Lab. S:!stem New Fork Lake Lab •. S:!stem 
Unoiled Oiled Unoiled Oiled 

(mg Nutrient Released/g Litter Decomposed) 

Orthophosphate 4.65 3.0 1 *a 3.20 0.80 * 

Total Phosphorus 5.31 3.60 * 3.76 1.47 * 

Ammonia 2.04 0.03 * 2.34 0.39 * 

Nitrite 2.0 1 0.03 ** 0.52 0.07 ns 

Nitrate 5.26 -0 .54 * 6.25 -0.73 * 

Total Inorganic 9.31 -0.47 ** 9.10 -0.26 ** 
Nitrogen 

A negative value indicates the nutrient was removed from surrounding water. 
aSignificant difference at a = 0.05 (*), a = 0.01 (**) or not 

significantly different (ns). 
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Table 38. The percentage of nutrient loss recovered in the aqueous med ia for unoiled and oiled litter 
in Bear Lake and New Fork Lake laboratory systems. 

Simulated Nutrient Treatment Nutrient Mass Nutrient Mass Percent Statistical 
Lake Released from Recovered in Recovered Comparison 

Litter (mg/g Water (mg/g 
litter decomposed) litter decomposed) 

Bear Inorganic Unoiled 5.08 4.65 91 
phosphorus Oiled 5.25 3.01 51 *a 

Inorganic Unoiled 44.5 9.31 21 ..... 
nitrogen Oiled 46.5 -0.41 0 ** 0 

-..l 

New Fork Inorganic Unoiled 4.69 3.20 69 
phosphorus Oiled 4.80 0.80 11 * 

Inorganic Unoiled 44.0 9.10 21 
nitrogen Oiled 45.4 -0.26 0 ** 

aSignificant difference at a = 0.05 (*) or a = 0.01 (**). 



used in these calculations. Additional
ly, the calculation was normalized per 
unit mass of plant litter decomposed 
rather than on per unit mass of initial 
plant mass. Results of this calculation 
will be referred to as nutrient release 
rates from decomposing litter. All 
nutrient release rates from oiled litter 
were found to be significantly lower 
than those from unoiled litter in both 
theBL and NFL laboratory systems (Table 
37), with the exception of nitrite in 
the NFL system. A net loss of nitrogen 
from the surrounding water throughout 
the 35-day experiment was ind icated by 
negative values of total nitrogen (Table 
37) for the oiled treatments of both 
systems. 

Percentages of total inorganic 
phosphorus and nitrogen lost from the 
1 itter and recovered in the aqueous 
phase of the laboratory systems are 
shown in Table 38. Significant differ
ences between oiled and unoiled treat
ments, in the percent of nutrients 

recovered in the aqueous phase, exist 
for both nutrients in both laboratory 
lake systems. For each 0 f the four 
comparisons (Table 38) a higher per
centage of the nutrients lost by the 
unoiled litter was recovered in the 
ambient water than was recovered in the 
ambient water surrounding the oiled 
litter. 

Sediment phosphorus concentrations 
(mg P per g sediment) for both labora
tory systems are shown in Table 39. 
Statistically significant differences 
do not exist between control and treat
ment for any date, nor between dates for 
either treatment. Mean quantities of 
total phosphorus associated with the oil 
removed from a square cm of litter bag 
screening material on the final day 0 f 
the laboratory experiments are al so 
given in Tab le 39. The phosphorus 
analysis may have had some interference 
from the oil (a clouded condition 
appeared in 1 aboratory fl asks), but 
distinct and intense coloration indi
cated that phosphorus was present. 

Table 39. Sediment and litter bag screening material phosphorus levels for both 
. laboratory systems. a 

Bear Lake Bear Lake 
Day Laborator:z: Sediments Litter Ba~ Screen 

(mg pIg Dry Sediment) (mg P/cm2 Screen) 
Unoiled Oiled 

0 34.8 34.8 
14 35.2 35.7 
35 34.7 34.2 0.175 

New Fork Lake New Fork Lake 
Laborator:z: Sediments Litter Ba~ Screen 

(mg PIg Dry Sediment) (mg P/cm2 Screen) 
Unoiled Oiled 

0 32.5 32.5 
14 32.5 31.9 
35 33.4 34.2 0.373 

aStatistically significant difference (a = 0.05) does not 
exist between treatments on a given date nor between dates within a 
treatment for either lake. 
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DISCUSSION 

Litter decomposition was slowed by 
oil addition for both plant types in 
both lakes based on yearly average 
results of weight remaining. However, 
the activity 0 f decomposer communities 
(as measured by dissolved oxygen con
sumption) on the oiled litter was either 
greater than (NFL) or equal to (BL) 
activity on the unoiled litter. In
creased microbial activity and/or growth 
due to oil pollution in aquatic systems 
have often been reported in the litera
ture (e.g. Colwell et a1. 1978; 'Atlas et 
a1. 1978; Wa lker et a1. 1975; Lock 
et al. 1981a, b). Although this study 
supports those findings, they also 
suggest that important ecosystem func
tions may be altered by crude oil 
impacts. Specifically) the rate and 
extent of litter decomposition, oxygen 
utilization rates, and nutrient exchange 
between the litter and its surrounding 
water were shown to be affected by crude 
oil. Thus, spilled crude oil could have 
major impacts on freshwater ecosystems 
since the decomposition of autochthonous 
aquatic plant s can regulate an ent ire 
lake's metabolism (Howard-Williams and 
Len ton 1975; Howard-Wi 11 iams and 
Davies 1979; Carpenter 1980, 1981). 
Potential impacts of crude oil relevant 
to aquatic plant decomposition will be 
discussed in this section. 

Patterns of ~itter Decomposition 

Decompositional trends over a 
period of 1 year for unoiled versus 
oiled litter were quite different 
between T. latifolia and P. foliosus 
litter (Figures 37-38). The two plant 
types have different chemical com
positions (Boyd 1968; Boyd and Hess 
1970) due mainly to their different 
growth forms. Emergent aquatic plants, 
such as T. latifolia, have a higher 

density of relatively refractory struc
tural compounds than do submergent 
plants, such as!. foliosus. Submergent 
plants have no need for a high density 
of structural compounds because their 
weight is largely supported by the water 
(Godshalk 1977; Godshalk and Wetzel 
1978a; Howard-Williams and Davies 1979). 
As previously noted) oil increased the 
early decompositional rate of 1. lati
folia. Increased rates of decomposition 
can occur when a substrate which is 
somehow deficient to microorganisms is 
added to a second substrate which 
remedies the deficiency (Gaudy and Gaudy 
1980). Crude oil added to T. latifolia 
litter may have supplied- a readily 
available carbon source which acceler
ated the initial decomposition rate of 
the litter. If this was the case~ 
cooxidation 0 f the oiled litter over
shadowed toxic effects of the crude oils 
because T. latifolia is quite re
fractory due to its structural compounds 
(cellulose and lignin). Conversely, 
degradation 0 f P. foliosus, which is 
easily biodegradable, was not stimulated 
by oil but oil inhibited its decomposi
tion from the beginning. 

An alternate explanation for the 
rapid initial decomposition of oiled T. 
latifolia is that crude oil physically 
changed the litter structure t making it 
more susceptible to abiotic leaching. 
However, leaching is a mechanism of 
rapid weight loss (Howard-Williams and 
Howard-Williams 1978; Godshalk and 
Wetzel 1978b), and greater weight 
loss for oiled T. latifolia (relative to 
control litterf lasted for 50 days in 
Bear Lake and 100 days in New Fork Lake. 
Therefore, increased leaching from 
litter resulting from structural changes 
by the oil does not appear to be the 
controlling mechanism for the acceler-
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ated. rate of oiled T. latifolia weight 
loss. 

Oiled li tter of both plant species 
in both lakes had a more rapidly de
creasing rate of decomposition through 
time than their unoi1ed counterparts. 
This can be seen most clearly by compar
ing the parameter If a" of the decomposi
tion model (Table 26) for unoiled 
and oiled litter within a lake-plant 
category. In all cases the value of 
this parameter, which defines the rate 
at which the initial decomposition rate 
is reduced through time, is greater for 
oiled than unoiled litter. As discussed 
later, the rapid reduction of de
composition rates of the oiled litter 
likely resulted from nutrient (particu
larly nitrogen) limitation to the 
decomposer organisms. 

Interlake comparisons 

Unoiled P. foliosus litter had very 
similar decomposition rates in BL and 
NFL (Figures 37, 38, and Tab Ie 26). 
However, the rate and extent of oiled !. 
foliosus litter decomposition was much 
greater in BL than in NFL (Figures 37 
and 38 and Table 26). There are a 
number of potential explanations for the 
different impact that crude oils had on 
P. foliosus litter decomposition in the 
two lakes. First, the lakes had 
very different water types, but water 
chemistry differences did not cause 
substantial difference in decomposition 
rates of oiled litter in a laboratory 
experiment (see Table 35). Therefore, 
it is not likely that water chemistry 
caused the magnitude of interlake 
difference in the in situ experiment • 
Second, there were temperature differ
ences between the lakes, but when all 
decomposition rates were corrected to 
20·C, control P. foliosus litter decom
posed at nearly identical rates in both 
lakes (Figure 40), but oiled litter 
still decomposed much more rapidly in BL 
than in NFL (Figures 41 and 42). A 
third and most plausible explanation 
for interlake differences in crude oil 
impact is the physical differences 

between the lakes and the effects these 
differences have on mechanisms by which 
spilled crude oil can be reduced in 
quantity, displaced or altered in 
aquatic ecosystems (Atlas et ale 1978; 
Brooks et ale 1981; Blumer and Sass 
1972; Larson et ale 1977, 1979; Westlake 
et ale 1977; Zurcher a~d Thuer 1978; 
Gearing et ale 1980; Hassett and Ander
son 1979; Kolpack and Plutchak 1976; 
Knap and Williams 1982; Lee 1976; Myers 
1976; Cretney et a1. 1978; Lee et a1. 
1978; Owens 1978). 

BL, which has a long wind fetch 
(maximum 32 km) and a largely un
consolidated sand bottom, is often 
disturbed by wind and waves. In situ 
visual observations confirmed that the 
litter substrates were constantly 
in contact with sand particles being 
moved about by wave action. Abrasion 
and sediment sorption of hydrocarbons 
were very likely reducing the oil 
coating on the P. foliosus litter, 
speeding its decomposition relative 
to its NFL counterpart. NFL is shel
tered from the wind by high mountain 
ridges and has a consolidated sediment 
surface. The oil on plant litter in NFL 
was not removed by physical abrasion or 
sediment sorption. Thus, differences in 
the physical wind energy to the lakes 
and in sediment contact with the oiled 
plant litter between the lakes likely 
caused the different impact of crude oil 
on the decomposition of P. foliosus. 

Interlake differences in the 
proportion of oiled litter decom
posed reI ati ve to the proport ion 0 f 
coqtrol litter decomposed were not 
observed for T. latifolia. As stated 
previously, T. latifolia litter was not 
affected by ~n oil coating in the same 
manner as P. follosus litter in either 
lake; therefore, parallel patterns for 
the two plant species between lakes were 
not expected. Additionally, oil 
permeated the leaf lacunae of 1.. 
latifolia and that portion of the oil 
was not exposed to the external environ
ment which removed oil from the outer 
surfaces of litter in BL. Thus the 
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amount of oil associated with litter 
was more similar between lakes for T. 
latifolia than for P. foliosus, 
enhancing the similarity of oiled T. 
latifolia decompositional patterns 
between lakes. The extent of oil 
loss from T. latifolia was not sig
nific ant ly -d if ferent between BL and 
NFL but was for P. foliosus (Tab le 
29) • 

Aside from crude oils' effects, the 
rate of T. latifolia decomposition was 
quite different between lakes (Figure 
40). Analysis of the factors contri
buting to thi~ difference was not 
specifically addressed in the experi
mental design, but a hypothesis will be 
offered. T. latifolia litter contains a 
high proportion of refractory, struc
tural compounds (Boyd 1968), which would 
require an acclimated decomposer com
munity to oxidize. This plant does not 
occur naturally at the NFL experimental 
site, and it is possible that decom
posers which could effectively degrade 
T. latifolia litter were also absent, 
perhaps causing unoiled litter from 
T. latifolia to degrade at a slower rate 
in NFL than in BL. 

Regarding interlake differences of 
crude oil impacts; although, the effect 
of crude oil on the decomposition of P. 
foliosus was lessened in BL because 'Of 
physical factors, this is not to imply 
that overall effects of oil pollution in 
that lake would be less than in NFL. 
Local effects of an oil spill would be 
reduced in BL because physical energy 
inputs would facilitate rapid removal of 
volatile toxic components by increasing 
evaporation of the crude oil (Atlas 
et al. 1978) and transporting some of 
the oil from the impacted site by water 
movement. However, the resulting 
dispersion would tend to increase 
the area of impact. Also, suspended 
sediments, which have a high affinity 
for many petroleum hydrocarbons (Myers 
1976; Gearing et a1. 1980; Knap and 
Williams 1982), would have greater 
contact with the spilled oil in a high 
energy system, such as BL. Oil polluted 

sediments tend to prolong the effects of 
oil because slow biodegradation (rather 
than more rapid physical means) becomes 
the major oil weathering process 
at that site (Prouse and Gordon 1976). 
Also, slow release of hydrocarbons from 
the sediments may become a source of 
chronic pollution to the overlying water 
(Teal et ale 1978). In NFL, the local 
and short-term effects of oil pollution 
would likely be more severe than in 
BL, but widespread and chronic problems 
would be less. Additionally, clean up 
would be more successful in a lake such 
as NFL where the spill would tend to 
remain localized. 

Dissolved Oxygen Utilization 

One of the most important environ
mental consequences of oil pollution is 
the added biological oxygen demand 
placed on the aquatic system. Petroleum 
hydrocarbons are biodegradable (Blumer 

·and Sass 1972; Lee 1976; Atlas et al. 
1978; Colwell et ale 1978; Cretney et 
ale 1978), and the degradation process 
requires oxygen. The added oxygen 
demand can be seen in this experiment by 
comparing the oxygen used per plant mass 
decomposed for oiled versus unoiled 
plants (Table 31). Jewell found that 
the above ratio ranged from 1.03 to 1.87 
for 14 aquatic plants; his overall mean 
rat io was 1.30. In this study, the 
ratio for unoiled T. latifolia 1 itter 
was 1.36 and 1.63 -in BL and NFL re
spectively. Oiled T. latifolia litter 
had average ratios- 0 f 0.32 and 1.38 
higher than unoiled litter in BL and NFL 
respectively. Assuming a reasonable 
littoral plantdensi ty of 500 g/m2 
(Wetzel 1975; Jewell 1971; Boyd and Hess 
1970) and 10 percent biodegradation of 
these plants during ice cover, as 
occurred during this study, the addi
tional oxygen demand due to oil would 
range from 16 to 69 g 02/m2. If the 
littoral region had an average depth of 
2 m, 8 to 34.5 mg/l of additional 
dissolved oxygen would be utilized 
during the period of ice cover when 
oxygen would not be replenished from the 
atmosphere. This could lead to anoxic 
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conditions in the littoral region, or 
perhaps in the entire 1 ake. Al so, 
oxygen diffusion from the atmosphere to 
the water is restricted by an oil 
covering (Table 21) increasing the 
likelihood of low oxygen conditions 
during ice free periods. 

The above hypothetical calculations 
are based solely on the results of this 
study. If an oil spill did occur and 
was extensive enough to coat the lit
toral vegetation as in this experiment, 
the added oxygen demand could be even 
higher than that calculated. The 
1 ittoral vegetation would be killed 
suddenly and all the plant matter would 
enter the litter pool simultaneously, 
thus - exerting a high oxygen demand due 
to rapid biodegradation of their labile 
compounds. As an illustration of 
what can happen, _anoxic conditions 
persisted for several days in a small 
lake treated by a herbicide after 
aquatic plants entered the detri
tus pool en masse. (Jewell 1971). 

Control P. foliosus litter had an 
oxygen mass -consumed to plant mass 
decomposed ratio of 0.73 in both lakes. 
This value is lower than the range 
reported by Jewell (1971). The differ
ence likely resulted from high abiotic 
leaching of P. fo1losus litter during 
initial ph~es of the experiment. 
Jewell (1971) assumed complete oxidation 
of all organic material in the litter 
when calculating his ratios. However, 
oxygen consumption for the plant mate
rial lost due to leaching in these 
experiments could not be included in the 
ratio because that portion of reduced 
organic material was removed from the 
si te. Therefore, the ratio values 
obtained in this study for!.. foliosus 
are lower. 

BL oiled P. foliosus litter used 
oxygen at a rate similar to that of its 
unoiled counterpart. This 1 ack 0 f 
effect for the oil is at least partially 
caused by the loss of oil from BL litter 
by physical means. However, the oil 
removed from BL plant- litter by sand 
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abrasion and sediment sorption would be 
transported elsewhere and exert an 
oxygen demand on the lake at another 
site. 

NFL oiled P. foliosus litter 
required from 1.73 to 2.75 grams more 
oxygen per gram of litter decomposed 
than did the unoiled controls. Using 
the plant density and littoral water 
depth assumed previously, the calcu
lated oxygen utilization in the littoral 
region during an ice covered period due 
to oil is from 43.3 to 68.8 mg/l greater 
than the oxygen demand for decomposition 
of the plant litter alone. Thus, up to 
4.8 times as much oxygen was required to 
oxidize oiled plant litter as that 
required to oxidize the same mass of 
unoiled plant litter (Table 31, NFL !.. 
foliosus) • 

Nutrient Exchange Between Decom
posing Plant Litter and 

Its Environment 

Decomposition of aquatic vascular 
plants can be an important contributor 
to internal nutrient cycling where the 
littoral region is a substantial portion 
of the lake (Howard-Williams and Lenton 
1975). In such lakes, one of the 
greatest impacts of crude oil pollution 
is 1 ikely to be its effect on the rate, -
extent, and distribution of nutrients 
released from decomposing plant litter .. 
This research shows the rate and extent 
of nitrogen and phosphorus loss from P. 
foliosus to be reduced by WC. 

Differences in nutrient loss values 
between unoiled and oiled litter might 
be explained by one or both of two 
factors. First, perhaps the 1 itters I 
nutrient content differs at any given 
stage of decomposition between unoiled 
versus 0 iled 1 itter; or second, the 
rate of decomposition between control 
and treatment litter differs. Results 
of the C:N and C:P ratios when plotted 
against the proportion of litter decom
posed (Figure 49 and Table 36) indicate 
that the oil treatment had no effect on 



the nutrient content of litter at 
any given stage of decomposition. The 
second factor, that of different 
decomposition rates, can explain the 
more rapid nutrient loss from the 
unoiled as compared to oiled litter. 
First order decay coefficients (K) for 
unoiled and oiled conditions at the 
various sites are shown in Table 35. 
Higher K values indicate more rapid 
litter decomposition. In general, 
rapid nutrient loss rates (shown in 
Figures 47-48) closely parallel higher K 
values. Thus, nutrient loss was simply 
a function of the rate of the litter's 
decomposition and was not otherwise 
affected by the oil. 

Nutrient Content of Litter 
Throughout Time 

The nutrient content of decomposing 
~. foliosus detritus, as measured by C:N 
and C:P ratios, was unaffected by crude 
oil. Past studies have stressed that 
the "quality" of detritus as a food 
source for heterotrophic organisms is a 
function of its nutrient content 
(Hunter 1976 and references within). 
Applying this criterion, crude oil did 
not alter the value of litter-derived 
detritus as an energy source for hetero
trophs in this study. Some hetero
trophic populations (specifically 
aquatic insects) were apparently in
hibited by the oil associated with the 
detritus, however (Table 30). Detritus 
is central to the lake f s metabolism by 
providing long term energy storage, that 
supports heterotrophic organisms during 
periods 0 f 1 imited autotrophic pro
duction, such as winters in temperate 
climates (Odum and de la Cruz 1963; 
Wetzel 1975; Rich and Wetzel 1978). In 
summary, oil does not adversely affect 
the func tion 0 flit ter as an energy 
source to heterotrophs, based on its 
phosphorus and nitrogen content. Oil , 
however, may make the energy less 
available to some heterotrophs because 
of its toxic or physical effects on 
the organisms. 

Nutrient Release from Unoiled 
and Oiled Litter to 
Surrounding Water 

The quantity of phosphorus and 
nitrogen lost from decomposing litter 
illustrates the litter's potential 
importance as an internal nutrient 
cyc 1 ing agent. However, from an en
vironmental perspective there is more 
interest in the nutrients which are 
actually released into the ambient water 
and the effect crude oil has on this 
process. The nutrients released to the 
lake ecosystem are most important 
because they are available to other 
organisms. In particular, if the 
nutrients are in inorganic form, the 
produc tion of autotrophic organisms can 
be increased. Nutrients released from. 
the littoral region of lakes are trans
ported to the limnetic zone (Landers 
1982; Carpenter 1980, 1981; Howard
Williams and Lenton 1975) where they 
may influence the metabolism of an 
entire lake. 

The laboratory portion 0 f this 
research was designed to assess the 
quantity of nutrients that could enter a 
lake ecosystem from decomposing litter 
and how crude oil affects that quantity. 
A large portion of the phosphorus lost 
from the unoiled 1 itter was recovered 
in the aqueous medium as inorganic 
phosphorus (Table 38). Apparently, 
little of the phosphorus being released 
by decomposing unoiled litter was 
immobil ized by decomposers. Further
more, 85 to 88 percent of the phosphorus 
was released from unoiled litter as 
reactive, inorganic phosphorus directly 
capable of supporting autotrophic 
production. Carpenter (1980) found that 
about 90 percent of phosphorus re
leased from decomposing Myriophyllum 
spicatum was inorganic. 

A substantially lower portion of the 
phosphorus lost from oiled litter 
was recovered in the surrounding medium. 
Phosphorus immobilization by decomposers 
oxidizing the crude oil is the most 
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plausible explanation for the differ
ences in phosphorus recovery from oiled 
versus unoiled litter. This contention 
is supported by the higher oxygen 
utilization rates by oiled litter. 
Additionally, there were high phosphorus 
concentrations on the oil which was 
associated with the litter after 35 
days of the experiment due to phosphorus 
immobilization by decomposers. The fact 
that high phosphorus levels (this was 
not quantified) were associated with the 
crude oil also lends qualitative support 
to the contention that phosphorus was 
immobilized by decomposers oxidizing the 
oil. Crude oil provides a highly 
reduced organic carbon source to decom
posers which can withstand its toxic 
effects. However, the crude oil used in 
this study (and most other crude oils) 
is deficient in critical nutrients 
(e.g., phosphorus and nitrogen) needed 
by the decomposer organisms. Therefore, 
nutrients must be supplemented by the 
environment if the crude oil is to be 
biologically oxidized. In this experi
ment, the phosphorus was supplied by the 
decomposing plant litter. 

Lower recovery rates of inorganic 
phosphorus occurred for both control and 
oiled treatments in NFL when compared to 
BL. Perhaps the explanation is that 
higher phosphorus sorption occurred on 
NFL sediment. However, no differences 
in phosphorus concentration between lake 
sediments could be shown (Table 39). It 
is possible that the phosphorus sediment 
analyses performed were not sufficiently 
sensitive to detect the small difference 
in sediment phosphorus concentration 
required to explain the interlake 
phosphorus recovery difference (Ap
pendix C). Therefore, higher sediment 
sorption of phosphorus by NFL sediment 
compared to BL sediment remains a 
potential but unverified explanation. 

Inorganic nitrogen lost from oiled 
litter was completely immobilized before 
being released to the ambient water. 
Growing decomposer populations have a 
high nitrogen demand due to synthesis of 
prote ins. As pointed out earl ier, 

nitrogen required for oiled litter 
decomposition was partially supplied 
by the aqueous medium (fresh medium 
contained 80 1,J.g/l total nitrogen). 
The amount of nitrogen required by the 
decomposers is illustrated by the fact 
that even the unoiled litter exerted a 
substantial nitrogen demand. Inorganic 
nitrogen recovered from the decomposing 
unoiled litter was only 21 percent of 
that lost by the litter. The nitrogen 
not recovered was assumed immobilized by 
the decomposer population denitrifica
tion, leading to nitrogen loss from the 
systems, was not likely important since 
aerobic conditions were maintained by 
diffuse aeration. 

In short, a large port ion 0 f the 
nitrogen contained in P. foliosus litter 
was required by decomposers during the 
litter decompasition. High nitrogen 
demands by decomposers of plant litter 
have been noted by other researchers 
(Landers 1982; Nichols and Keeney 1973; 
Jewe 11 1971). The presence of 0 il 
increased this nitrogen demand signi
ficantly. Consequently, nitrogen may 
have limited the rate of oiled litter's 
decomposition. 

Table 40 contains estimates of the 
quantities of nutrients that could be 
released to lake water by different 
littoral plant densities as calculated 
from the results of this study. Plant 
densities listed are within the range 
found in natural lakes (Wetzel 1975). 
Table 41 shows levels of external 
nutrient loading which are considered 
permissible or dangerous to a lake's 
present trophic state. Comparisons 
between the two show that, nutrient 
loading (particularly of phosphorus) in 
the littoral region of a lake due to 
macrophytic decomposition can be large 
enough to be classified as dangerous. 
However, since only a portion of most 
lakes is littoral, the loading to a 
given lake due to 1 itter decay must be 
adjusted to account for that portion of 
the lake outside the littoral region. 
Dangerous loading values in Table 41 are 
listed for a 55-day and i-year period; 
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Table 40. Nutrient release values at various hypothetical plant densities. 

Hypothetical Plant 
Dens ity 

g/m2 

50 
100 
200 
350 
500 
650 

Bear Lake 
Unoiled Litter 

N P 

0.4 0.15 
0.8 0.30 
1.6 0.47 
2.7 1.04 
3.9 1.5 
5.0 1.9 

New Fork Lake 
Oiled Litter Unoiled Litter Oiled Litter 
N P N P N P 

(g Nutrient Released/m21 55 d) 

0 0.10 0.4 0.11 0 0.03 
0 0.20 0.8 0.21 0 0.05 
0 0.40 1.5 0.42 0 0.10 
0 0.70 2.7 0.74 0 0.18 
0 1.0 3.9 1.1 0 0.25 
0 1.3 5.0 1.4 0 0.33 

J 

All values are based on nutrient loss from!. foliosus litter during its first 55 days of decomposi
tion in the lakes and the proportion of lost nutrients which were released to the ambient water in in
organic form as determined by laboratory experimentation. 



Table 41. Values for permissible and dangerous loading of nitrogen and phosphorus 
in lakes of varying depths. 

Mean Lake 
Depth (m) 

Permissible Loading 
(g/m2 y) 

Dangerous Loading 
(g/m2 y) 

Dangerous Loading 
(g/m2/55 d) 

N P N P N P 

5 1.0 0.07 2.0 0.13 0.30 0.02 
10 1.5 0.10 3.0 0.20 0.45 0.03 
50 4.0 0.25 8.0 0.50 1.21 0.08 

100 6.0 0.40 12.0 0.80 1.81 0.12 

Source: Wetzel (1975); Vollenweider (1968) 

nutrient release rates decline over a 
decompositional cycle, so the rate over 
the first 55 days would not be equaled 
during the remainder of a year's decom
position period. 

The intent of the above comparison 
is not to argue that aquatic vascular 
plant decay is potentially dangerous to 
the trophic state of a lake, but rather 
to show that the magnitude of nutrient 
input by decaying vascular plants can be 
substantial. In a balanced lake (one 
not affected by cultural eutrophica
tion), nutrients released from vascular 
plant decomposition are needed to 
maintain the level of production in 
the lake. Impacts, such as oil pollu
tion, which immobilize these nutrients 
at their source, tend to have an un
balancing effect. For example, if 
primary production was reduced due to 
nutrient limitation, the existing 
production of upper trophic levels would 
al so be reduced. In this way, 0 il 
pollution may affect the whole water 

body even if the oil is not present over 
the whole lake. 

In lakes affected by cultural 
eutrophication, it might seem de
sirable for the nutrients released from 
decomposing vascular plant litter 
to be immobilized at their source. 
However, one of the severe problems in 
eutrophic lakes is oxygen depletion as a 
result of organic material decay. In 
the event of oil pollution, the oxygen 
demand will continue; the source being 
allochthonous petroleum hydrocarbons 
rather than autochthonous products of 
primary production. In fact, oxygen 
depletion might be intensified because 
primary production in the system would 
be reduced due to nutrient limitation 
and the oxygen normally supplied by 
primary producers would not be available 
to offset oxygen consumption by petro
leum decomposer s. In short, 0 i 1 
pollution can change the nutrient 
dynamics of a lake system regarding 
the vascular aquatic plants in ways that 
are harmful to the oxygen balance and 
trophic structure of a lake. 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Impac ts 0 f South Louisiana and 
Wyoming Crude oils on the decomposition 
of Typha latifolia and Potamogeton 
foliosus litter in Bear and New Fork 
Lakes were investigated in situ and in 
laboratory experiments. -The following 
conclusions are based on results of 
these studies: 

1. The decomposition model; w = 
w e(Ko /a)(e-at-1) described litter o 
decomposition over a year I s period in 
this study. 

2. The rate and extent of T. 
latifolia litter decomposition was 
reduced by oil addition in BL and NFL 
over a year's period. 

3. The rate of P. foliosus litter 
decomposition was -reduced by oil 
addition in BL and NFL. 

4. The ac tiv ity 0 f decomposer 
communities (as measured by dis
solved oxygen utilization) associated 
with oiled litter was from 1.2 to 1.5 
times greater than corresponding unoiled 
litter in NFL; the same measurement for 
oiled litter in BL was 1.0 to 1.1 times 
that of unoiled litter. Crude oil had 
no apparent toxic effects on the overall 
decomposer community, even within the 
first 3 days after exposure to fresh 
crude oil. 

5. Decomposition rates corrected 
to 20·C indicated that oil had a 
greater effect on the decomposition of 
P. foliosus in NFL than in BL. Based on 
temperature corrected rates, from 30 to 
34 percent of oiled litter would remain 
in NFL after 365 days but only 3 to 9 
percent would remain after that period 
in BL. 

6. Decomposition rates corrected 
to 20·C for T. latifolia indicated than 
even unoiled litter from this plant 
decomposed more rapidly in BL than in 
NFL (24 percent of the original litter 
would remain in BL, and 40 percent itl. 
NFL, after 365 days). 

7. Oil was lost more rapidly from 
P. foliosus litter in BL than in 
NFL, but oil was lost at roughly the 
same rate from T. latifolia 1 itter in 
both lakes. 

a. Differences in rates of oil 
loss from plant litter are ex
plained by a combination 0 f plant 
structural differences and differ
ences between lakes. BL has higher 
wind .derived physical energy 
input and a greater incidence of 
suspended sediments because of its 
unconsolidated sediment surface 
than does NFL. 

b. T. latifolia has more 
intricate internal structure 
than P. foliosus, which isolated 
trapped crude oil from the external 
environment in the former plant IS 

litter. 

8. Oxygen consumed per plant mass 
decomposed was from 1.2 to 4.8 times 
higher for oiled litter than for unoiled 
litter considering both lakes and both 
plant species. 

9. Nutrient loss was generally 
less for oiled plant litter than for 
unoiled litter, primarily due to a 
reduction in the rate of oiled-litter 
decomposition. 

10. From 69 to 91 percent of the 
phosphorus lost from decomposing 
unoiled plant litter was released to the 
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environment in an inorganic form whereas 
that percentage was only 17-57 for oiled 
litter. 

11. Twenty-one percent of the 
nitrogen lost from decomposing unoiled 
plant litter was released to the en
vironment in an inorganic form, but 
nitrogen was actually removed from the 
enviromnent during oiled plant decom
position. 

a. Nitrogen limitation is the 
most probable explanation for the 
rapidly decreasing rates of oiled 
litter decomposition through 
time. 

b. Nutrient immobilization by 
oil oxidizing decomposers is the 
most reasonable explanation for the 
reduction of nutrient release to 
the enviromnent from oiled plant 
litter. 

12. C:N and C:P ratios (common 
indices of litter quality as an energy 
source for heterotrophs) were not 
affected by the oil coating at any stage 
of decomposition. 

13. Oil coating on 
restricted invertebrate 
even after a year of oil 
both BL and NFL. 

plant litter 
popul ations 

weathering in 

Recommendations for Additional 
Researcha 

1. The effects of varying concen
trations of crude oils on aquatic 
ecosystems need additional research. 
Experiments, such as those of this 
sCudy, can be employed to determine 
critical oil pollutant levels. 

2. Detailed experiments are 
needed to determine the magnitude and 
duration of adverse effects to aquatic, 
ecosystems after their sediments are 

aThese recommendations are in 
order of their priority. 

contaminated by crude oil. Sediments 
recently contaminated with oil and those 
allowed to weather in situ for various 
time durations after-Cont.mnination could 
be used in three phase microcosm studies 
to determine the adverse effects. 

3. The effects of lake-specific 
physical elements, such as sediment type 
and energy input, on crude oil weather
ing need further study. Specifically, 
the extent that phys ical fac tors al ter 
effects of crude oil in aquatic ecosys
tems should be determined. 

4. Physical effects of crude oil, 
such as its inhibitory effects on gas 
diffusion and physiological effects of 
oil coating on plant and animal sur
faces, should be studied in situ (in 
situ, so natural weather ~ctorS ar; 
present to ameliorate physical effects 
of the oil). 

5. Investigations exploring crude 
oil effects at different water hard
nesses should be continued. Microcosm 
experiments containing a common sediment 
and biological inoculum with water 
hardness as the only variable are 
recommended to meet this obj ect ive. 

6. Further definition of crude 
oils I relative effects on different 
groups of freshwater organisms and 
function groups 0 f organisms is needed. 

Engineering Significance: 
Recommendations to Control 

Oil Spills on Lakes 

1. Obviously, the best control 
method is to prevent crude oil from 
entering lakes. The research indicates 
that long-~erm deleterious effects could 
result in a lake impacted by crude oil. 
Stringent safeguards should be employed 
to avoid oil spills in lakes. 

2. In the event of an oil spill, 
the spill should be contained and as 
much oil as possible should be removed 
from. the lake as soon as possible. 
Removal of the oil would lessen long-
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term effects, such as increased oxygen 
demand, nutrient immobilization, and 
sednnent contamination. 

3. The use 0 f dispersants on a 
lake oil spill is not advised; the 
dispersant would not confront environ
mental problems caused by the oil, but 
would tend to cause the oil contamina
tion to be more widespread and harder to 
remove from the lake. Dispersants are 
more appropriately used in large water 
bodies, such as oceans, which have 
greater assimilatory capacity than 
smaller water bodies, such as lakes. 

4. Certain lake and crude oil 
characteristics are nnportant in deter
mining effects of oil pollution. To 
prepare for a possible accident in 
advance, the following lake and oil 
characteristics should be investigated. 

Lake characteristics: 

a. A range of wind energy 
inputs that could be expected at 
sites where spills are most likely, 
and the extent and speed that oil 
would be transported from the 
nnpacted site. 

b. Critical areas in the lake 
(e.g. fish spawning sites) and 
the conditions under which spilled 
oil would impact such sites. 

c. The extent that sediments 
of the lakes are suspended at 
potential accident sites and the 
affinity the sediments there 
have for petroleum hydrocarbons. 

Crude oil characteristics: 

a. Composition of petroleum 
hydrocarbons in the crude oil. 

b. Solubility of the crude 
oil in the lake's water. 

c. Levels at which crude oil 
are toxic to the lake's biota 
and how long the toxicity persists. 

d. Rates of oxygen utiliza-
tion and nutrient immobilization 
of contaminated water and sediment. 

e. Rates of evaporation of 
petroleum hydrocarbons under 
natural conditions. 

Based on the type of information 
listed above a pollution control 
program, wh ich would minimize environ
mental damage in the event of an oil 
spill, could be formulated .prior to a 
spill. 
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5. After an oil spill, the follow
ing parameters could be monitored to 
assess the continuing impact of oil 
pollution and the need for additional 
clean up, or other pollution control 
measures. The same parameters could 
al so be measured be fore an acc ident 
occurs so background levels within the 
water body are known. 

a • Pet r ole um h y d roc arb 0 n 
identity and concentration within 
the water column and at the sedi
ment surface. 

b. Dissolved oxygen concen-
tration within the water column. 

c. Redox potential at the 
sediment surface. 

d. Oxygen demand placed on 
the system by organic compounds 
within the water column and at the 
sediment surface. 

e. Productivity: respiration 
ratio (P/R) within the water 
column and at the sediment surface. 

f. Nutrient (particularly 
nitrogen and phosphorus) concentra
tions and availability within water 
column and at the sediment surface. 

g. Nutrient demand placed on 
the system because of the degrada
tion of crude oil compounds. 



h. Bioassay tests, using 
ambient lake water and nutrient 
amendments, to determine when toxic 
effects cease to exist to various 
groups of organisms of the lake. 

i. Bacteria enumeration within 
the water column and at the sedi
ment surface. 

j. Algae identification and 
enumeration within the water 
column and at the sediment surface. 

k. Invertebrate identification 
and enumeration within the water 
column and at the sediment surface. 

1. Species diversity 
and invertebrates at 
spill site. 

of algae 
the oi 1 

Items a, b, c, f, h, i j, and k 
would be helpful in assessing the 
current status 0 f the environment, 
whereas d, e, and g would be valuable 
for projecting future trends and ongoing 
Unpacts of the oil. 

6. The following continuing oil 
pollution control measures might be 
suggested by the information gained 
in a monitoring program as being needed 
subsequent to the initial crude oil 
clean up effort (item '2). 

a • Ad d i t ion 0 f c r i tic a 1 
nutrients (e.g. N, P, and perhaps 
some trace nutrients) to the 
Unpacted site if toxic effects of 
the oil on autotrophs has subsided 
and nutrient immobilization by 
oil degrading organisms is causing 
low P:R ratios or low dissolved 
oxyg en cond it ions. The added 
nutrients would increase prUnary 
production, which would be a source 
of oxygen to the impacted site. 
Also, the added nut rients would 
accelerate oil weathering by 

increasing the rate of the oil's 
biological degradation (if nutri
ents were limiting that process). 
Before employing this control 
measure, consideration should be 
given to the ramifications of 
nutrient addition on the lake's 
tropic state. Nutrient addition 
should be limited in scale and 
employed only at problem sites. 
A justification for nutrient 
addition might be to avoid the 
destruction of the lake's sediments 
oxidized microzone, or to avoid low 
oxygen conditions in the water 
which would destroy fish, and other 
aquatic biota, populations. 

b. Dredging sediments andlor 
removing oil coated vascular 
aquatic plants contaminated by 
crude oil. This measure would 
reduce subsequent problems related 
to increased oxygen utilization and 
nutrient immobilization by physi
cally removing oil from the site. 
Such environmental disturbances 
must be justified by a substantial 
quantity of oil being removed from 
the polluted site. 

c. Stimulation of natural 
oxygen diffusion, or artificial 
addition of oxygen, to the oil 
polluted site. Encouragement 
of natural oxygen diffusion by 
disruption of ice cover over 
the polluted site or dissipation of 
an oil covering at the water 
surface should be employed. In 
extreme cases artificial agitation 
at the water surface to increase 
oxygen diffusion or direct oxygen 
addition to the water within a 
1 imited area may be neces sary. 

7. Many aspects of these recom-
mendations can also be applied in 
controlling oil pollution in other 
aquatic ecosystems, such as streams, 
rivers, and marine habitats. 
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Appendix A 

Techniques for Microcosm Studies 

Table A-I. Techniques used for water and sediment chemical analyses 
during microcosm experiments. 

Analytic 
Procedure 

Water 
pH 

._---

Alkalinity 
Total Hardness 
Calcium 
Dissolved Oxygen 
Total Organic Carbon 
Nitrate 
Nitrite 
Ammonia 
Total Phosphorus 
Orthophosphorus 

Sediment 
Total Phosphorus 
Ni trate 
Nitrite 
Ammonia 
Volatile Content 

Method Source _. __ . __ .. - -- ..... _ .. -.... _---.. __ ._-_ .. _----_:.....:.....:.........:-=----

Potentiometric 
Potentiometric Titration 
EDTA Titrimetric 
EDTA Titrimetric 
Winkler with Azide Modification 
Combustion Infrared 
Cadmium Reduction 
Diazotization 
Indophenol 
Acid-Persulfate Digestion 
Ascorbic Acid 

Acid-Persulfate Digestion 
KCl-Extraction-Cd Reduction 
KCl-Extraction-Diazotization 
KCl-Extraction-Indophenol 
Combustion at 550°C 

APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 
APHA 1980 

APHA 1980 
Bremmer 1965 
Bremmer 1965 
Bremmer 1965 
APHA 1980 

Table A-2. Miscellaneous techniques performed on Bear Lake microcosms. 

Bacterial Enumeration: Standard plate count media used. Three 
replicates were done at each of three dilutions (0.1, 0.01, 
0.001) and means calculated at the dilution which had bacteria 
counts between 30 and 300 (APHA 1980), 

Invertebrate Enumeration: One liter of the aqueous phase removed 
from a given microcosm was filtered through a GF/C glass fiber 
filter and invertebrates collected on the filter were counted 
under a dissecting microscope. 

Relative Fluorescence: One liter of the aqueous phase removed 
from a given microcosm (with a small amount of MgC03 added) 
was filtered through a GF/C glass fiber filter, the filter 
was submerged in 10 ml 90 percent acetone and maintained in a 
dark refrigerator for 24 hours, then relative fluorescence of 
the acetone was determined on a Turner Model III Fluorometer 
(APHA 1980). 
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Table B-1. 

o 
I 
2 
1 
~ 

5 
o , 
e 
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11 
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13 
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Zo 
2' 
28 
2Q 
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"" 4S 
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~8 

~Q 

5~ 
51 
52 
53 
54 
55 
5~ 
51 
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SQ 
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01 
02 
03 
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oS 
00 
0' 
0& 
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71 
12 

Appendix B 

Microcosm Mass Balance Program 

Micro-4, the computer program used for mass balance calcu
lations of microcosm data. 

FILE Icwl~D.OISK,TITLE.·A'~AERRIT£·,pgOTlCTION:S'UEl 
S AESET F~E' 

vILE l1CKIqO:OlS~,TITLE.·'11·,PoOTlCTIDN.SlvE,FrLET'O!.'1 
'ILE 12CKINO=OISK,TITLE.·FI2",PAOTECTI04=SAVE.FILvT,O'.'1 
FILE Il(KINO.OISK,'ITLE.·'ll·,POOTECTION.~'VE.'IL~T'PFa11 
'ILE 14(KINO:CISK,TITLE.·'14·,PAOTlCTTO~.IAVE,FILET,o£a'1 
'ILE 15CKINO=OI'~,'ITLE."JI5·,pqOTECTIO~=5'YE,FIL".of.') 
'ILE lb(Kt~O=OI!K,rITLE.·'lb·,P~OTECT!O~=~.VE,FrL~,yora') 
FILE 17(~IND.OISK,TITLE."'I,·,pqUTECTlON.5AVE,FILfT.o'a'" 
'ILE leCKI~D.OIS~,TITLE.·'I~·,PAOTECTrONa5AVE"IL'T.Pt.'1 
FILE t'(KINO.OISK,TrTLEa·'lo·,PPOTECTrO~cS.VE,FIL~TVOF.'l 
FILE ~O(~IqO.~IS~,TrTLE.·'20·,PAOTECTION:5AVE,vILET,ofs11 
FILE Zt(KI40.'ISK,TITLE:·'21·.p~OTECTIO~:~AvE.FIL~TYPF." 
FILE Z2CKrMD=olSK,TI'LE.·F2a·.POCTECTTO~.~A'€.FIL~'vpr.71 
FILE 21CKI~D=OI!~,TITLE~·r23.,POOT!CTICNc5AVE.FILET.o!.,) 
FILE 24(~I~O=OI!~,TITLE.·~2a·,PQOTECTIo~a!AvE,FILETYPfc71 
FILE 2SCKI~caOIS~"lrLEa·~25·,PQOTEtTIJ~.SAVE,FIL(T¥PF:'1 
~lLE 2bc~IaOaOIS~.TITLE.·FZb·,PQOTECTtONcSAvE.FtLET'PEa') 
FILE ~1CKINO.DISK,TtTLE.·~2'·,PPOTECTrO~a5AvE.'ILET'PEa') 
FILE 2e(~INOC~IS~,TITLE.·F2e·,pqOTECTIo~a~AVE,FILF.TvPF.a1) 
FILE 29!~InOaDISK,TITLE.·'29·,PROTECTIO~aS1VE"tLETvPEa') 
FILE lOCKINO=OISK,TITLEa·'JO·,PQOTECTtONaSAvE,FILET,pF.a1) 
'ILE llCKI~D.DIS~,TtTLEa·'l!·,PROTECT!QNaSAVE,FtLETYPF.a', 
FILE 12(KINDa~ISK.TITLE.·'32·,PQOTECTION:5AVE,'ILETYPEa71 
FILE 33CKI~0:OISK,rITLE.·F31·,PROTECTION.~'VE,FILE"pF.a7) 
FILE ]QCKINOaOISK,rtrLEa·'3u·,PDOTECTIONaSAVE,FILEr'PFa71 
FILE ]5CKI~OaOISK.TITLEa·FJ5·.PAOTECTIONaSAVE.FILET'PEa" 
FILE 3b(KI~CaOIS~.TtTLE=·'lb·.PAQTECTIONaS1VE.FtLET'PFa') 
'IL~ 4oC~t~OaOIS~,TITLEa·NE~B·,PDOT£CTIon.SAV£,FILET'PEa11 

c·· c·· c·· 
c·· c·· c •• 

PROGRA~ vICqO FOD TME ~ASS BALANCING OF 
~ICROCOSM G£SES,~urRIENTS A~O/OD ~lJOR 

~LE~ENTS. THIS PReGDA" I~ AOJUSTEO FORe. 

c... . ...................................... . 
C.. • OIL INT~USIO~ MICROCOSM STUO' lqa1 • 
cc. • ••••••••••••••••••••••••••••••••••••••• 
C* 
C. • INVESTIGATING THE INTEqACTtONS 0' 
C· CRUDE OIL IN 9El1 
C.. LAME SI~ULATEO "lCROCOS"S 
C. IN RESPONSE TO A O~ETt"E APPLICATION OF OIL 
C· 
C.. • NET O¥VGEN PROCUCTION ANO CONSU"PTION 
C. IN LITTORAL AND wyPOLtHNETIC ENvtRONS 
C. 

OIMENSION P(200).RTC!001'XNOC2S,24,2'.XGOCl2,a4.2).r!(20~.2g) 
.,vtNI(aO~,Zg).VaLG(2g),Y(2U),TOC~OO.2U).FC200.241,'GAS!2~o.2g1 

.,VOGSTPC2on.24),X~GASO(12.a"),XMGASACI21,X"G1SGtl21.GASN!Tt1!) 

.,FACI21,XINl(Z5),XIN!Cl2.24) ,XMGPREC200.2G) 

.,HEGAS(2nO,2Q).HEAQUCaOO,a4),HINO(2G) 
•• VNETC200,2Q),AQAOJCI2),OXNO(2S,24),nXGotIZ.24),XHGASt(lZ).Z(I!l 
.,PloT(24),HVCIXCaU),ALFO(Z41.ALFDNEtZG).AL'TWOC24),VQL-(za),CTeOO( 
.ZUl,A~COO(2Gl,ALKC2ij),XINN03C2G),XtNNH3C2al 

OAT, lOUMX/lHxl 

DEFINIfIO~ OF X~O(K~,J,ISTl VARI1BLES 
K~.1 TOTAL ALKALINITY wG/L AS CACOl 
KNa2 TOTAL wARONESS "GIL AS CACOl 
K~.3 PH 
K~a" OISSOLVEO ox'GE~ 
~N=5 PHOSPHOAUS,TOTAL 
KNab PMOSPHODUS,CATHO 
KNa7 CALCIUM HARCNESS HG/L 
~Haa MAGNEStuM HARD~ESS ~G/L 

KNaQ NIT~lTE "GIL 

HG/L 
HG/L 
MG/L 

AS CACOI 
4S tAC03 

KNalo NIT~tT~ HG/L 
KNall A"HONIA wG/L 
KNa12 TOTAL OQG1NIC CAleON HG/L 
KNail TQTALINOQGANIC C*, lLKALtNITYMG/L AS CAen] 
KNal~ H,OROXIDE ALK1LINITy HG/L AS C'COl 
KNalb .~OGCCTl 
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Table B-l. Continued. 

73 c- K~aIS CT, TOT, I~aQG. C'~BOh MJLES/L 
7Q c_ K~.17 W'OAOGr~ !Oh CONe. -OLES/L 
7~ c- ~~ala 4QUEO~S wacel- MQLES/L 
7~ e- ~~.1~ .LO'(~~C~]-) 
n c-
78 C' 
7~ C- 1.000 TO SFT ~r401NGS O~ CUTDUT FILES 
en co 1111 tzal,le 
81 !YAL.tn+lZ 
~2 .~tT£(rV'L.l11~) 
03 111«; '0;:; .... 1Cl.-, .I~.T·, 1.1, -OAV-, ll'# "'w''c('II,bX, .l;2-,OI, "'01·.Sv, -c,:}-
A~ *,sY.·c~~·,b~,~~E·,Sx,·rTo·.SXf·:~p·/ql,·n~Ol·,~ •• ·o~~1.'~I •• nN.' 
6'S 1113 CO',T['II't 
(!~ CO Ill" I'al.l2 
61 KO\.=U.I, 
sa "AIT£(KHI.,11U,) 
89 Illb FOQNAT(·I~T·,lt,·CA'·'Qt.·TA·,3x."TM".ZX."D"·.2l"OO",c~."D"'5J. 
~o .·OP·.1X'·C&·,lX,·~G·.Ql."NOl",~x"~OZ·,Clt,·NH1'.2x"TOr",cJ,"TTC", 
ql -2X,·OH'·'4X,·.I.OGCT·,'I,·TTC·,bX.·HCONC·,S~.·H2C03'.1x, 
92 '".LoGHZC01") 
ql 1114 CONTINUE 
94 C· STEP I INITIAI.IZE COUNTE~S A.: ~r'D 
95 e· I>lITt'L CONOITION! qo C. 
q1 ~EAOC4n,500l~~IC~C.1>lUTI,1NUTO.NG'Sl.>lGASO.IODT,EK~,EK~"r.£.T .. n 
qe 500 'O~~ATCor5,3EIO,Q) 
qq IFCIOPT,GT.G) -AITEel,oOO) N~ICRO,>lNUTI.N~UTO,NG&SI,~GASO,:OPT,E~" 

10~ *.EKO~E,E~TwO 
101 .~ITEe35,./l ~~IC~O.NNUTT,~NUTO,NGASI.~G&SO,IUDT,EKw.EwO~£.E"T~O 
102 cOO '~~NAT(I~1,bt5.3El0.~) 
101 ~EAOeijO,bO~) CNINCCL)'Lal,N~tCROl 
10ij ~05 rOP~ATflbI5l 
105 IF(IOPT.GT,O) .RITEel,bOb,c~t~Oel."~.l,N~ICRO) 
100 ~RITE(ls,./l eNINO(I.],Lal,N~ICRO' 
101 cO& FOPv&Tel~ .1&I'S] 
1011 C* 
10~ AEAO(QO,007) (VOl.wCI.],l.al.N~tCROl 

110 b07 FOR~&T C12F5.nl 
III C* STEP 1,1 
112 C. 
III IST=I 
I1Q tECd 
115 INTsO 
11& 105.0 
111 VOI.A=l.O 
1111 C. 
Ilq C* STE' 1.2 
121! C* 
121 REAOCijO,501l pC1l,RTel) 
122 IF(IOPT,GT.O) wRIT!(l,oOI) pel,.'T(I) 
121 wRITE(3S,./) P(I),RT(I] 
124 ~ol FOA""TCIK .14~q.4 I ,M .IEq.4,4Fq.4.2E~.Q,IF •• Q) 
IZ5 00 I I al,NMrC QO 
12& J.MrNOCI.) 
121 F(I,Jl=I.0 
1211 C. 
12. C. STED I.l 
130 C. 
III 'E&OC40,501) (XNO(KN,J,ISTl,K"Ialrl2) 
ll2 501 FORM&TCI2F'S.0) 
133 CIFF.CXNO(3.J,tST).\4,O 
134 ~NOCIQ,J.ISTl.'S.OE.QQ'IO'.(CIF') 
135 XNOCI1,J,ISTla(XNOCI,J,lSTl-XNO(14,J,lST]) 
13b &I. KeJ)8eXNOC13.J,IST)/5QOOn) 
137 PROTCJ,=10 •• C •• Noel,J.lSTl) 
1311 KTORXCJ)=[~W/PROTCJl 
13. &I.FOCJ)=PROTCJl •• ZIDROTCJ) •• 2+EKONE.PROT(Jl+EKnN£.E~TW0 
140 'l.pON[CJ)8PROT(J).EMONE/PQOTCJl •• 2+EKONE.PROTCJl.[K~N'.E(Twn 
IQI ALrTwOCJlaEMONE'E~TwO/PROTCJl.*2+EKONE.PPOT(J)+E~ONE.E,rwo 
IQc CTCoOCJ)=CAI.M(Jl-KYORX(Jl.'ROTeJ)/(&I.'ONE(Jl+2,O*AI.FT.OfJll 
141 'QCOOeJ)8ALFO(J)*CTCOO(J) 
144 INO(15,J,IST).CTCOO(J) 
IQ5 XNO(lb,J,IST)a.('~OGIO(CTCOO(Jl)l 
lij& X~O(17,J'IST'8PROT(J' 
147 ~NC(la,J,IST).AQCOO(J) 
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Table B-I. Continued. 

lile 
U9 
151' 
lSI C. 
152 C. 
153 c. 
lSI! 
ISS 
ISo 
IS 7 c. 
! sa c. 
159 C. 
laO 
I a I 
lac 
la3 C. 
104 c* 
105 C. 
hi> 
101 
IIiIB C .. 

STEP I,ll 
~EAOC:O,50i) (XGO(KG.J'ISTI,~G.I,NGlSOl 

!::Jrc;i~!;;)(x;~f:~!}:::~~,!::~!::::~fST)'KC.I'N'IS"' 
STEP I.S 

~E'OeQn,SOI) T!CI.J),VIN!C\,J),HE 
I~i;~Pc~S,GT.OI "RITECI,oOI) TICI,Jl,VINIel J) ~E 
• ~ '*/) ryel,J),VINrCI,Jl,HE ., 

STEp I.i> 

VP·J"VPCTl CI,J)) 
yeJI.(p(I)1100.J*HEICC213.15+RTCll)''~2.00l 

STEP 1.1 

vI NICI.Jl=((ptll-vP l I 700;).(vOLGeJ)+YINIC1,Jll*Z73.ISI 
*(2'3.15.TICt.Jl) .Y(J'*22"lS. 

vOGSTpCI,Jl=vINlel.Jl 
I CO~'TI"'Ue: 

STEP 2 

STEP 2.1 

~ElOC40,5\O,E~0=qq) NDA.,.S .IDUM 

~EAD "IlL' y."PyT CATI ,.: 
CALCULlTE TWE ~ET CHIN~: IN 
GIS vOLU~E IT STp OvE- lONE 
OAY PEIIIIO~ 

510 'ONHlTCIS~lll 
IFCIOPT.GT.Of WRITE(I,oOl) NO'YS 
~RrTEC15 •• /) NOAvS,IOUH 
IF(IOU-,NE.IOUH.) GO TO ge 

002 FOPHlr!IH ,8IS) 
XOAyS.NOAyS 
NOPtaNDUS+I 
00 10 10aZ,NOPI 
RE AO(40,501) P(IDl.RT(IOl 
IFeIOPT.GT.D) -RITf(l.oOll ~CIOl,RT(IOI 
wRITf(35,w/) P(IDl.RTIIO) 
00 II L-I,NMICRO 
Ja"INOCLI 

STf" iiI.2 

READeao,501l TI(IO.JI,TO(IO,J),tR.VAOJ,FCIO.J).~£ 
IF(IOPT.GT.Dl -RITfel,sOI) TI(YD,JI.TOCIO,J).C~.Y'DJ.F(IQ.Jl.HE 
_RlrEC]5.*/) TICtO,Jl,TO(IO,J),tR,Y'OJ,FCIO,J).~£ 
IFeF(ID,J)·I.OE-ol 2.3.3 

2 FcID.J)al.O 

STE" 2.3 

1 v,ooaH!*(p(IO)/1o0.l/(C213~15 +RT(IOll*eZ.oo) 
YP.FVPCTO(YD,Jll 
Vae(p(IO).YPl/'OO.l*(VOLG(Jl.tR)*273.15/Il13.ls.rOeIO.Jl~ 
y,ayCJ)/(I,O+(eZ.Oo*273.IS-4,O£-3l/(CR+vOLG(J)ll 
",aY(J)·V; 
HEGASCID,J)avG_liil4IS, 
HEAQUCIO.JI·"*iiliil415, 
VOGSTP(IO,J).V-H£GlSeIO,J) 
vN!rCIO,JlaVOGSTP(IO.J).vINI(IDa!,Jl 
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Table B-l. Continued. 

IF(.esCVAOJj.~T.O.OOOOll GO TO 40S 
vl~ICIO.J).VOG5TP[I~.Jl 
GO TO 41(1 
Ir(yioo.GT.l.~f.71 GO TO 420 
y~.yG.(v.aJ·VOLGCJll/(C~.Y~LGIJll 
"=C(P(IO'.VPl/7or.l'(VOLGCJl,vAOJl'Z'3.15/e21l.I~.TO(Ir.,J1J 
vtHI(IO,Jl·~··G·22uI5. 

GO TO uln 
vl~I(IO.Jl,vCGST~(IO,Jl 
YIJlCYAOO.,G'.l.e10.1·'eIO,Jll/IO.7 
CO" TlNUE 
CO"Tl'HJE 

DO 12 l=I.II'1!CRO 
J="P~OCLl 

STEP 3.1 

RE.D INPUT OAT. AT TH( ,"'0 
OF THE I~TERv'L ' .. 0 I~·!qDOL'TE 
eET~EfN THE 9fGrN"I~G ,~~ E~O 
OF T~E YNTE~v'L TO [STIWAT THE 
AvERAqE a'll, CH'~GF ,~ 
CONSTITUENT CONCE~r~l.:~hS. 

R~la(4~,S011 cINoe~N.J,I'Dl,~N.l,121 
DIF'·C XNCC3,J,IEOll-IU.O 
¥"OCI4,J.IED1.S.oE.04'lo··eOl'Fl 
xNOe13,J.I~alaexNC(I.J.IEC1·l~O(14,J.lEO)1 
ALK(Jl.(~q~C!3,J.IEal/50nonl 
FHOTeJ)alO··C-XNO(J.J.IEOll 
HvORX(Jl·E··/PPOTCJ) 
'LFOCJlaPqOTeJl-·2/PQOTeJl.·2·EKONE.PAOTCJ1·E(ON~'f(T.~ 
lL~ONErJ)aP~OT(J).f(ONE/PAOrCJ1 •• 2.E(OHE.PROTeJl'EKONE.E~TwO 
ALFTwOeJ).fKONE.£KT.O/PROTCJ'·.a'EKONE'~QOT(Jl.f~ONE.EwT.: 

CTCOOCJ'.('LKIJ)·wVO •• (Jl·PROT(Jll/(ALrO~E(J'.2.n.'LrT-:CJll 
'QCQOeJ)a'LFO(Jl·CTCOOeJl 
.NO(15.J,IEClsCTCOO(Jl 
XNOeI1.J.%(0).PROT(Jl 
_NO eI 8• J ,tEC).'QCOOeJl 
wRITEC35 •• /) eXNoC~N.J.IEC1.KN.I.NNUTOl 
IFCIOPT.GT.Ol wAYTEC1.oOI) (Y"O((N,J,IE01,KNzl.~NUTOl 

STEP 3.2 

qE'OC4~.50!1 (XGO(KG,J,IECl,(Gzt.NGASO) 
-RITEC3S"/l ,-GQCKG,J.yF.Ol.KGal,NG'SOl 
IF(IOPT.GT.O) _RITECI,onl) eXGO(KG.J.IED).KG=I,NGASe, 

12 CONTlIoIUE 
.. RITECI,~9'll 

~~Q FORM'T(I~ ,4_.·I'ILE·.2X.·INTEQV'L·,3x.·n'Y",81,"VNET·~'I • 
• ·Nlr ROGAS·.8y,·O.YG.S·.llx.·eOZ·,91.· .. ETw.NE·,1X, 
-/30X."TOT'L PWOS·,4X."OATHO ~"OS·.oX.·NITR'TE",8X • 
•• ,WMONY'",1X,"INOAG, "I"' 

DO 15 L=I,NMTCAO 
J·"tl\jOeL.l 

00 10 KNsl,NIoIUTO 
OXNOCKN.Jl.(I .. Q(K~.J.IED1-XNO(KIoI.J.IST))/XO.¥S 

10 CONTINUE 

00 17 wGsl.NG'SO 
OXGOIKG,Jl.(IGO(KG,J.IEOl-xGO(KG.J.IST)l/XOAYS 
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Table B-I. Continued. 

C-

11 CONTluu!: 
15 Co"UllUE 

fFI!OS.GT.n) G~ fC al 
co 22 L"'I,I)"!CI'IO 
J:"t'/OCL) 

00 21 ~\.i.I.NGASO 

STEP " 

STEp 11,1 

CALCULATE T~E I~ITIAL -ASSES 0' 
T~E GASES !~ ~'CH HTC=::OSH ,O~ 
T~E FIRST DAY 0' TH, r:=ST 
1~f£I'IVAL 

~K='I'IK(KG,TI(I.J)) 
XHGpRE(~G,J)=IO,2'.S5.5*Z(~G)*P(I)*XGO(KG.J,IST1/RK 
XHGA!0IKG,Jl=vOGSTP(1,Jl*XGO(KG,J,IST)·Z(KGl/2~QIS.tX~CP=!(KG,J) 

21 CONTINUE 
22 CONTINU!: 
a3 CONTt'lUE 

00 20 Ioaa,"""\ 
IOS"l!)S+1 
DO 30 L"I,NHlCRO 
J="'I"IO (1.1 

STEP 5 

STEP 5,1 

PE~FO~H "4SS BALANCFS :' F.AeH 
·tcI'IOSOS~ ~~R EAC~ ~A. !~ THE 
lNT!QVAL A/ln ~RtTE ~u9'~T 0 .. 
OIS~ • 

co 110 I<Ga\,"IGASO 
xGO(KG,J,ISTlsXGO(KG,J,IST)+OXGO(KG,J) 
Rl<a,RK(KG,TOIIO.J)l 
lHGASl(KG)al~.2~*55.5*Z(~Gl*XGOI~G,J,IST1.PlrOl· 

$IVOGSTPIIO,Jl/VOGSTPIIO,J) .WEGlSIIO.Jll/RK 
lQAOJIKG).XHG'SlIKG)-X-GPRfIKG,J) 
XHGpP£(KG,J).XHGASl(KG) 
IHG,SGIKG) aV OGSTP(IO,Jl*IGo(KG,J,IST).ZIKGl/22QI5. 

STEP 5.2 

GASNETCKGl.XMGlSlCKG1.XMGlSGIKG)-XMGlSOlwG.J) 

STfP 5.3 

RK·,RK(KG,TICIO,Jll 
xMGASICKG).'CIO.J)*55.5*ZCKG)*PCIO).FACKG)/R~ 
xMGASOCKG.J)avINICrD.J)*~GO(KG,J.IST)*ZCKG)/22"15 •• 

SXMGlSICI<G)+'lO.2 Q·F(IO.J))*XMGASACKG)/10.ZQ 
110 CONTU,'JE 

STEP 5." 
INO( 1. J.Is"aUO I I.J.un·OXNOI \ • J) 
XNO( 2,J,UTla"',o( 2.J, un.OXNO( 2,J) 
Xt/Ol 3.J. IST)aXIiOC 3.J, nT).OXIIO( 3,Jl 
II'lO( II,J.IST1.XIIO( II.J,UIl·OXIIIOI ",J) 
I"IO! 5,JdST)ahOC 5.J. un.OXNOI 5,J) 

INOI o,J.ISTlsXNOI 0.J,18T).OXIi01 b,J) 
INOI 7,J,IST).INOC 7.J.IST).OXII01 7,J) 
XNO! a,J,IST).IIIO( a.J.IST).OXIIO( a,J) 
rNOI q,J.IST).XNOC q,J,ISTl.OXIIO! q,J) 
XNOll0,J,IST).XII0110.J.IST).OXNOI10,J) 
XNOll1,J,IST)aXII0(11.J.IST)·OXNO(11.J) 
XII011Z.J.IST).XII0(12,J.IST)·OXIIOI12,J) 
XI'lO(11.J,IST).XII0(13,J.IST).OXII0113.J) 
rNO(111.J,IST)arIl0114.J,IST).OXIIIOII 11 ,J) 
XNQI15,J,IST)a XIIOC15,J,IST)·OxNOI15,J) 
INOClo.J,IST).XIIO(lb.J,IST)+OXNO(lb.J) 
XNOCI7,J.IST). XNOI17.J,IST).OXIIOCI 7,J) 
II'lOlla,J.IST)aXNOlls,J,IST).~XIIO(la,J) 
XNOllq,J,IST).xNOllq,J,IST).OXNO(lQ,J) 
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Table B-l. Continued. 

.O.VO~-(Jl-FCIO-I,Jl 
tPT.VOL~CJl.x~OCS,J,ISTle.O-(X~OCS,J,ISTl-Ol~OC5,Jll-FrI~-I,Jl.II'1 

-I (J) 
XOP:VOL~CJ)_INO(b,J,IST)_~O-(l~O(b,J,IST,.OI~OCb,J)l-F(IO.I.J).lr~ 

- I(J 1 
IN~3aVn~_CJ)_t~O(II,J,ISTl_eO_CI~OCII,J,IST)_0¥~n(II.JIl·'Cln-I,Jl 

.. Xl I,~'q (1" T) 
1:j03.VO~.(Jl .. 'jO (~, J, 1ST) -.0_ (1",0 CQ, J, 1ST )-OINO (CI,J),.F (D·I, J) eX 

-tr,I,03CI.,T) 
1~·GAS~ET(I).1~03·XN~3 

!FllE:IO·J 
-Ill rf: (!FILE, 113l INT. IDS. v~E.T CII.l,J), CGAS~ET(~G) .~G"I.1I1.~E~'5( !C,J 
.),XPT,XOP,Y·4C3'1~~3,~~ 

113 FOP "A T C 11, !3 • Ix. ! 3, IX,' 7,3, II. F 7,3, II , F 7,3. I x,, 7,11", f'r • F 1 ,~, 
_ll,F7,1I,IX,F7,5,ll,F7.5,IX.F7,5,IX,F7,5,ll.F~,II) 

IFCIOPT,"E,2) GO TO bO _ 
~R 1 TE (1 , Ion 0' I q ~E, I ~ T , I CS, VI,f: T ( 10, J) , C r.AS NE T C KG) , KG:' , '1l , "~G AS ( I 
_C,J),HEAQU(ID,J),lPT,10P.X~03,XN~1,X~ 

1000 FOPHATCI~ 11",3Ie,IIFI5,3/IH,2 I1 x,SFI5,3) 
bO CO~TI~IUE 

IFILE=22+J 
.RITE(IFI~E.llU) I~T,IDS,CINO(KN,J,IST),K~.I,N~UTOl 

1111 FOR .. ATCII,213,2FS,1 ,2F~,1 ,2F7,5,2FS,I, 3F1.S,F'3.2.F5,1 ,,5.3. 
-SElo,lI) 

30 CONTI'jUE 
in CONTI~IUE 

CO 37 L=I."HIC~O 
J="I'IO(~l 
TI(I,J)=Ti(~~PI,J) 
TO(I,Jl=TO(",OPI,J) 
F (1 ,J) aF C ~OP 1. J) 
VI NIC1,Jl=Vl"ICNOPI,J) 
vOGSTP(I,J)=vOGSTPCNOP1.J) 

37 CONTINUE 
P(\)~PCNOPI) 

IOUHaIST 
15""IEO 
lEO: I OllH 
GO TO 5 

~~ .RITECuO) IDS 
-RITE(1,002) IDS 
GO Tei Q7 

~~ oRITE(I,511) INT, NOAyS, IOU" 

!IIIT!AUZE FO~ T~E oEG:',I<ING OF 
TWE Nf:xT INTE~vAL A .. ~ ~~~~ gAC~ 
T~ ~EAD DAILY I~PuT "", 

511 FORHATCIX,·OATA I~PUT E"POR, EXECUTION TER"INATEO· 
.lx,·INTa·,Ie,ex,·NOAYSa·le,eX,·IOUHz·,A2) 

H STOp 
OATACZCI),I=I,II)/2eOl0"32000,,1I 11 010,,lonIlO,1 
CATA(FA(I"I·I,~)/,780e"ZO~5,,00033.0,OI 
CATACvO~G(I),lal,li)/Q57"Qe2,,~QZ.,QbO.,~~o.,Q02,.~bO., 
-Qe""~Qo,,QQ2,,"8",'''''I, I 
CATACX1NICI),l e l,IZ)/.008"OOe"008"one"OOA,:00e,,nu~,:~oe, 

-,oOe"008,,008,,ooel 
OATACXINN03CI),I.l,12)/,078,,078,,078,,07e,,078,,078.,n1., 

.,018, ,07~, ,078, ,078, ,n7S1 
CATACXINNH3(1),I.I,IZ)/.nOIl,.on~"nOIl"onll"no~.,onll.,no~. 

-.0011' ,0011, ,0011, ,nOli, ,00111 
END 
FUNCTION FRKCKG,TI~) 

OI"EN5ION xCII,ZZ) 
TeTINe",n 
ITeT 
RTeIT 
FRK e CCX(KG,IT+l)eX(KG,IT)_CTeRT)+X(KG,IT»)el,nE7 
"ETURN 
DATA CxCI,I),I.I,ZI)/S.o7,5,le,5.z~,5,3",5,GQ,s,oO,S,71,S,81 
-.5,QI,o.01.b,10,b,iO,o.2~,b,3~,b,1I8,o,S7,o,b7,0.7S.o, 8G,O,"3,7·021 

DATA (IC2,1),I.l,ZI)/2,1I0,2,!I,Z.57,2,bz,z,be,2,73",7~.2,~u,z:e Q 
·.z,~5,3,OO,3,oS.3.11.3,10'3,ZI.3,Zo,3,31,3,3b'1,Q2.3: 117.3,521 

DATA (X(3.I).I.l.ZI)/,07"1 •• Oel~.,08us.,n873'inQnl.,nQ'''.,nQS8 
•• ,OQ87 •• 101,.101l"107"lll •• lll1,.117 •• 1zn •• IZ~.,IZ7,,Il=.,1311 
••• 131.,11111 
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Table B-I. Continued. 

OAT, CX(U,tl,I.I,Zll/2.20,2,12,Z.le,2.~Q.Z.50,2.50.2.o1,1 •• e 
·.2,74'2.&O,2.85,2.ol,2.q1'l.~Z'l.oe'l.IU'l.IO'l.25.3. 30,1.18,3:411 

DAT& (x(5,ll,1=1,211/.se,.oo,.oz,.0~ •• b5,.b8 •• e~ •• 71 •• 73 •• 75,.77 
*,.7~.,&I,.R3 •• eQ,.80 •• !S,.qO,.~2,.04 •• qol 
E~O 
.u~cTION FyP(TTNI 
OI~ENSIO~ XClol) 
T.TIN.IO.·lqq.~ 

If-T 
IF(IT.~T.l) ITSI 
Fy~;X(If) 

RETU~N 
O&TA CXCI1,I&I,l~11/11.SQ.11.bQ,17.15,17.eo,11:q1.IS.Oo,I=.2~, 
.le.ll,lS.42,le.SQ,ls.05.le;78.1e.ee.,q.o~.!~,II,lq.23 .lq;3~,lq;41 • 
• lq.5q.l~.71.lq.el.lq.q~.20.01.20.1q.20.31.20.4Q.20.Sb.;O.~q.20.e2 • 
• 20.~4.2!.07,21.20,21.12.21.ij5.21.se,21.71.21.eQ,21.q~,12.11,22,24, 
.22,le.22,51.22,b5.22,7e,22.~2.23.0b,21.20.23,14,23.4~.'3,02.23.70, 
*23. 0 0,24,Oo,24,le.24,33,24. 41 ,24.b2,14,70.24,OI.25.0 •• ~5.21.25.3o. 
*2S.51,25.oo.25,el.2~.qo.20.12,20.Z7.20.43.20.58.1o.7U.~b;~2.21.0b. 
*27.21.27,37.21.54,27,7",27.ab,2e,02,2e,21.2e.3~.2e.52.~8;,e.2e.e5, 
·2q.o2,2q.le,2q.35,2q.53,2q.70,2q.81,30.0ij,lO.2~.lO.30,to;Se.30.7 u , 
*30.a2.11.1~,ll.2e.ll.~b,31.~ij,31.e21 
E~D 
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Appendix C 

Sensitivity of Sediment Phosphorus Analysis 

Table C-1. Sample calculation to determine the maximum potential 
change in sediment phosphorus concentration expected in 
the microcosm study based on the maximum sediment phos
phorus release observed. 

Microcosm sediment (surface area) = 177 cm2 

Sediment profile increment sampled = 2 cm 

Bulk density of New Fork Lake sediment = 1.34 g/cm3 

Total sediment weight in top profile = 474 g 

Max. potential release of phosphorus from 
sediment (based on New Fork Lake dark 
microcosm treated with S. La. Crude oil) = 2.3 mg 

Based on the above values the following calculation u used to 
determine the maximum change in sediment phosphorus content that 
could be expected. 

2 3 P 1000 lIg * 1 
• mg x mg 488 g sed. = 4.7 lIg Pig sediment 

The range observed for multiple analyses of a single sediment sample 
was as high as 55 lIg Pig sediment, thus the analytical precision was 
inadequate for the purpose of this experiment. 

Note: Other nutrient analyses (NH3-N, N03-N, N02-N) were hampered 
in a similar manner. 

Recommendations: Sample a smaller increment of sediment to reduce 
total sediment weight in the critical upper zone of sediment
water exchange. 

Employ more precise sediment analyses. 
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Appendix D 

Results of Statistical Analysis 
of Microcosm Parameters 

Contents of this appendix were copied directly from 
computer data files; numbers of significant figures 
reported do not always signify the sensitivity of 
the analysis used. 
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Table D-1. Alkalinity ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Alkalinity TREATMENT: 2 183.78 4.85 
(mg/l as ERROR (a): 6 37.88 
CaC03) TIME: 9 427 .33 29.47* 

TMT .-TIME: 18 65.07 4.49* 
ERROR (b): 54 14.50 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 249.5(a) 252.5(a) 254.4(a) 256'.0 259.4 254.8 
DAY 0 243 ( a) 243 (a) 246 ( a) 244 249 243 
DAY 10 250 ( a) 246 (a) 249 (a) 257 259 259 
DAY 20 270 ( a) 259 (a) 266 (a) 271 272 270 
DAY 30 255 ( a) 257 ( a) 257 ( a) 255 242 242 
DAY 40 261 ( a) 260 ( a) 258 ( a) 262 260 257 
DAY 50 243 ( a) 246 ( a) 244 ( a) 251 251 242 
DAY 60 252 ( a) 255 ( a) 257 ( a) 259 264 264 
DAY 70 246 (a) 252 (a) 256 (b) 259 260 258 
DAY 80 239 ( a) 256 (b) 258 (b) 255 263 259 
DAY 90 237 (a) 249 (b) 253 (b) 247 274 254 
(O.T.M. = Overall Treatment Means) 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Alkalinity TREATMENT: 2 23.24 3.22 
(mg/l as ERROR (a): 3 7.22 
CaC03) TIME: 9 31.04 9.12* 

TMT .-TIME: 18 5.68 1.67 
ERROR (b): 27 3.41 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 20.32(a) 22.09(a) 22.28(a) 21.38 21.91 22.58 
DAY 0 17.50(a) 17.50(a) 17.50(a) 17.9 17.9 17.9 
DAY 10 18.70(a) 18 .OO( a) 18.25(a) 18.0 18.0 18.0 
DAY 20 20.80(a) 20.55(a) 20.55(a) 20.8 20.8 20.8 
DAY 30 22.75(a) 22.25(a) 22.50(a) 23.0 23.0 23.0 
DAY 40 22.40(a) 22.45(a) 21. 90( a) 22.9 23.8 22.9 
DAY 50 22.90(a) 23.90(a) 24.15 (a) 23.9 26.3 26.8 
DAY 60 22 .OO( a) 24.40(a) 25 .85( a) 18.8 21.3 25.1 
DAY 70 19.55(a) 22.75(a) 24.15(a) 19.3 20.8 23.8 
DAY 80 17 .60( a) 21.40(a) 22.90(a) 28.0 23.3 23.8 
DAY 90 19.00(a) 27.65(a) 25.00(a) 21.2 23.9 23.7 
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Table D-2. Total hardness ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F -
Bear Total Hard- TREATMENT: 2 280.00 3.14 

ness (mg/l ERROR (a): 6 89.11 
as CaC03) TIME: 9 355.5 9.29* 

TMT .-TIME: 18 64.36 1.68 
ERROR (b): 54 38.29 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CBlJDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 258(a) 263( a) 264(a) 270 270 267 
DAY 0 259( a) 254( a) 255(a) 262 260 258 
DAY 10 259(a) 264(a) 267(a) 265 265 257 
DAY 20 266( a) 271{a) 269(a) 285 273 269 
DAY 30 269(a) 270(a) 268(a) 281 269 277 
DAY 40 259( a) 258( a) 261{a) 266 264 269 
DAY 50 27 3( a) 275 (a) 267(a) 286 280 274 
DAY 60 257 (a) 259(a) 267(a) 268 270 276 
DAY 70 248(a) 260(a) 261{a) 256 279 262 
DAY 80 244(a) 256(a) 258(a) 273 263 258 
DAY 90 249(a) 267( a) 267(a) 258 274 268 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Total Hard- TREATMENT: 2 22.87 3.06 
ness (mg/l ERROR (a): 3 7.48 
as CaC03) TIME: 9 107.71 72.69* 

TMT .-TIME: 18 2.93 1.98 
ERROR (b): 27 1.48 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CBlJDE CONTROL SLC WC 
O.T.M. 28.10(a) 29.90(a) 30.00(a) 30.08 31.57 30.77 
DAY 0 21.00(a) 21.00( a) 21.00(a) 20.7 20.7 20.7 
DAY 10 22.95(a) 22.95(a) 22.95(a) 22.4 22.4 22.4 
DAY 20 27.05(a) 29.60(a) 28.60(a) 29.6 29.6 28.6 
DAY 30 29 .OO( a) 28.05(a) 28.05(a) 30.0 30.9 30.0 
DAY 40 30.35(a) 31.30(a) 30.85(a) 31.8 33.8 29.9 
DAY 50 31.00(a) 32.00( a) 33.00(a) 32.0 36.0 34.0 
DAY 60 29 .80( a) 32.30(a) 32.70(a) 32.3 36.4 37.4 
DAY 70 31.40(a) 34. 90( a) 33.95(a) 34.4 36.5 35.4 
DAY 80 29.20(a) 34.20(a) 34.65(a) 33.7 34.7 34.7 
DAY 90 29.20(a) 32.65(a) 34.20(a) 33.9 34.7 34.6 

149 



Table D-3. Calcium ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Calcium TREATMENT; 2 131.81 1.33 
(mg/l as ERROR (a): 6 98.94 
CaC03) TIME: 9 921.38 5.67* 

nIT .-TIME; 18 130.48 0.80 
ERROR (b): 54 162.46 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CauDE CONTROL SLC WC 
O.T.M. 12S.07(a) 131.50(a) 127.70(a) 137.70 123.90 138.40 
DAY 0 135.33(a) 118.00(a) 120.67( a) 120 122 120 
DAY 10 120.00(a) 114.67(a) 117.33(a) 120 116 116 
DAY 20 128.00(a) 125.67(a) 129.67(a) 120 116 122 
DAY 30 127.67(a) 126.67(a) 125 .33( a) 132 122 124 
DAY 40 151.67(a) 152.67(a) 159.00(a) 168 179 174 
DAY 50 121.33(a) 134.00(a) 120 .OO( a) 152 8S 132 
DAY 60 119.33(a) 132.33(a) 116.67(a) 14S 120 154 
DAY 70 135.6 7( a) 134.00Ca) 12S .6 7( a) 16S 12S 132 
DAY 80 119.67(a) 131.00C a) 124.67(a) 127 125' 156 
DAY 90 122 .OO( a) 146.00Ca) 135.00(a) 122 123 154 

LAKE PARAMETER S. V. D.F. M.S.E. F 

New Fork Calcium TREATMENT: 2 7.36 7.09 
(mg/l as ERROR Ca): 3 1.04 
CaC03) TIME : 9 39.19 SO.57* 

TMT .-TIME: lS 0.S2 1.69 
ERROR (b): 27 0.49 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CauDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 17 .36Ca) 18.3lCa) lS.4S(a) 18.91 lS .92 19.30 
DAY 0 11.20Ca) 11.20(a) 1l.20(a) 14.6 14.6 14.6 
DAY 10 17.35(a) 18.40(a) 19.40Ca) 19.4 18.4 18.4 
DAY 20 lS .40(a) lS .40(a) lS .40Ca) lS.4 18.4 19.4 
DAY 30 16.90(a) 16.40(a) 17 .90(a) lS.4 16.4 17.4 
DAY 40 17.20(a) lS.70Ca) lS.70(a) 20.2 20.2 20.2 
DAY 50 lS.50(a) 19.00(a) lS .50(a) 22.0 20.0 20.0 
DAY 60 lS.20Ca) 19 .20C a) 20.70(a) 20.2 21.2 20.2 
DAY 70 19.00(a) 20.50Ca) 20.00(a) lS.5 20.5 22.6 
DAY SO 18 .40C a) 20.90(a) 19 .90C a) 18.4 19.4 20.4 
DAY 90 lS.40(a) 20.40(a) 20 .10( a) 19.0 20.1 19.5 
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Table D-4. Magnesium ANOV and mean values. 

LAKE 

Bear 

PARAMETER 

Magnesium 
(mg/1 as 
CaC03) 

S.v. 

TREATMENT: 
ERROR (a): 
TIME : 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
9 

18 
54 

M.S.E. 

288.96 
22.87 

1460.00 
113.64 
19S.87 

INTRA-LAKE COMPARISON 

CONTROL 
O.T.M. 130.31(a) 
DAY 0 123.33(a) 
DAY 10 138.73(a) 
DAY 20 138.33(a) 
DAY 30 141.33(a) 
DAY 40 107.67(a) 
DAY 50 lS2.00(a) 
DAY 60 137.33(a) 
DAY 70 112.67(a) 
DAY 80 124.33(a) 
DAY 90 127.33(a) 

DIURNAL 

S. LA. CRUDE 
131.80(a) 
136.00(a) 
149.30(a) 
145.33(a) 
143.00(a)· 
105.67(a) 
140.67{a) , 
126.33(a) 
12S.67(a) 
124.67(a) 
121.33( a) 

LAKE PARAMETER S.v. 

WYO. CRUDE 
136.27(b) 
134.67(a) 
149.37(a) 
139.33(a) 
143.00(a) 
102.33(a) 
146.67(a) 
lS0.67(a) 
132.00(a) 
133.00(a) 
131.67(a) 

D.F. 

New Fork Magnesium 
(mg/l as 
CaC03) 

TREATMENT: 2 
3 
9 

ERROR (a): 
TIME: 
TMT .-TIME: 
ERROR (b): 

18 
27 

CONTROL 
132.50 
142 
145 
165 
149 
98 

134 
120 
88 

146 
138 

M.S.E. 

4.39 
3.69 

43.S2 
2.49 
1.49 

INTRA-LAKE COMPARISON 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY SO 
DAY 90 

CONTROL 
10.74(a) 
9.80(a). 
5.60(a) 
S.65(a) 

12.10(a) 
13.1S(a) 
12 .50( a) 
11.60( a) 
12.40(a) 
10 .80( a) 
10.S0(a) 

DIURNAL 

S. LA. CRUDE 
11.58(a) 
9.80(a) 
4.S5(a) 

1l.10(a) 
11.65(a) 
12.60(a) 
13.00(a) 
13.10(a) 
14 .40( a) 
13.30(a) 
12.25(a) 
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WYO. CRUDE 
1l.53(a) 
9.80(a) 
3.SS(a) 

1O.20(a) 
1O.15(a) 
12.15(a) 
14.50(a) 
12.10(a) 
13.9S(a) 
14.75(a) 
14.10(a) 

CONTROL 
10.78 
6.1 
4.0 

10.2 
12.6 
11.6 
12.0 
12.1 
11.S 
13.3 
14.1 

DARK 

SLC 
146.30 
138 
149 
lS7 
147 
85 

192 
155 
lSl 
138 
lSl 

DARK 

SLC 
12.65 
6.1 
4.0 

11.2 
14.5 
13.6 
16.0 
15.2 
16.0 
15.3 
14.6 

F 

12.63* 

7.4S* 
0.58 

WC. 
128.40 
138 
141 
147 
153 
95 

142 
122 
130 
102 
114 

F 

1.19 

29.20* 
1.67 

WC 
11.77 
6.1 
3.0 

10.2 
11.6 
9.7 

12.0 
17.2 
16.9 
16.3 
14.7 



~ 

Table D-5. pH ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear pH TREATMENT: 2 0.157 8.19* 
ERROR (a) 6 0.019 
TIME 9 0.199 60.41* 
TMT .-TIME 18 0.025 7.13* 
ERROR (b) 54 3.30 x 10-3 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 8.24(a) 8.10(b) 8.13(b) 8.04 7.94 7.83 
DAY 0 8.47(a) 8.50(a) 8.50(a) 8.5 8.5 8.5 
DAY 10 8.07(a) 8.07(a) 8.10(a) 8.0 8.0 8.0 
DAY 20 8.17(a) 8.07(b) 8.17(a) 7.9 8.0 8.0 
DAY 30 8.00(a) 8.03(a) 8.07(a) 7.9 7.9 7.5 
DAY 40 8. 20( a) 8.13(a) 8.20(a) 7.9 7.9 7.6 
DAY 50 8.43(a) 8.27(b) 8.33(b) 8.1 8.0 7.8 
DAY 60 8.20(a) 8.00(b) , 8.00(b) 8.0 7.8 7.7 
DAY 70 8.27(a) 8.03(b) 8.00(b) 8.1 7.8 7.7 
DAY 80 8.23(a) 7.93(b) 7.93(b) 7.9 7.7 7.7 
DAY 90 8.33(a) 7.97(b) 7.97(b) 8.1 7.8 7.8 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork pH TREATMENT: 2 0.188 6.49 
ERROR (a): 3 2.90 x 10-2 
TIME : 9 0.481 51.4* 
TMT .-TIME: 18 2.61 x 10-2 2.79* 
ERROR (b): 27 9.37 x 10-3 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 6.99(a) 6.8l(a) 6.83(a) 6.50 6.56 6.56 
DAY 0 6.90(a) 6.90(a) 6.90(a) 7.0 7.0 7.0 
DAY 10 6.65(a) 6.65(a) 6.65(a) 6.6 6.6 6.7 
DAY 20 7.40(a) 7.40(a) 7.45(a) 6.6 6.6 6.6 
DAY 30 7.25(a) 7.10(a) 7.25(a) 6.3 6.6 6.7 
DAY 40 7.10(a) 6.95(a) 7.15(a) 6.6 6.5 6.6 
DAY 50 7.15(a) 6.85(b) 6.80(b) 6.5 6.8 6.5 
DAY 60 6.95(a) 6.65(b) 6.60(b) 6.3 6.3 6.3 
DAY 70 6.75(a) 6.45(b) 6.60(ab) 6.3 6.3 6.3 
DAY 80 6.80(a) 6.50(b) 6.45(b) 6.4 6.5 6.4 
DAY 90 6.90(a) 6.6s(b) 6.40(c) 6.4 6.4 6.5 
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Table 0-6. Total organic carbon ANOV and mean values. 

LAKE 

Bear 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

LAKE 

New Fork 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

PARAMETER S.V. 

Total Organic TREATMENT: 
Carbon (mg/l) ERROR (a): 

TIME: 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
9 

18 
54 

M.S.E. 

4.18 
0.43 
8.26 
1.31 
0.69 

INTRA-LAKE COMPARISON 

CONTROL 
2.32(a) 
1. OO( a) 
2.17(a) 
1.50( a) 
3. 20( a) 
2.37(a) 
3.57(a) 
2.10(a) 
2 .03( a) 
2.80(a) 
2.4 7( a) 

DIURNAL 

S. LA. CRUDE 
2.71(ab) 
1 .60( a) 
1.43( a) 
1.57(a) 
2.77(a) 
1.80(a) 
3.27(a) 
2.67(a) 
3.20(ab) 
4.20(ab) 
4.57(b) 

WYO. CRUDE 
3.07(b) 
1.37(a) 
2.13(a) 
1.53( a) 
3.07(a) 
2.63(a) 
2.67(a) 
3.07(a) 
3.83(b) 
4.83(b) 
5.33(b) 

PARAMETER S.V. D.F. 

Total Organic TREATMENT: 
Carbon (mg/l) ERROR (a): 

TIME: 
TMT .-TIME: 
ERROR (b): 

2 
3 
9 

18 
27 

CONTROL 
1. 75 
2.2 
1.5 
1.2 
2.6 
2.5 
1.6 
0.8 
1.2 
2.5 
1.4 

M.S.E. 

7.93 
0.59 

18.03 
1.71 
0.97 

INTRA-LAKE COMPARISON 

CONTROL 
2.16(a) 
2 .60( a) 
2.15(a) 
3.05(a) 
1.35(a) 
1.60( a) 
1.00( a) 
0.50(a) 
0.50(a) 
2.15(a) 
6.6 5( a) 

DIURNAL 

S. LA. CRUDE 
3.27(b) 
2.60(a) 
3.10(a) 
2.25(a) 
1.30(a) 
2.00(a) 
2.45(a) 
2.80(b) 
3.05(b) 
3.90(ab) 
9.25(b) 
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WYO. CRUDE 
3.22(b) 
2.60(a) 
2.05(a) 
2.15(a) 
2.20(a) 
1.85(a) 
2.00(a) 
3.60(b) 
4.45(b) 
4.50(b) 
6.80(a) 

CONTROL 
1. 78 
1.9 
3.7 
0.5 
1.1 
0.5 
1.2 
0.5 
0.8 
2.8 
4.8 

DARK 

SLC 
2.84 
1.8 
1.2 
1.5 
2.3 
2.6 
3.9 
3.5 
3.9 
3.8 
3.9 

DARK 

SLC 
2.62 
1.9 
2.4 
0.5 
1.2 
0.5 
2.6 
4.4 
2.8 
3.9 
5.9 

F 

9.66* 

12.01* 
1.90* 

F 

WC 
2.86 
1.4 
1.2 
1.1 
2.0 
2.4 
3.3 
3.6 
4.3 
5.3 
4.0 

13.46* 

18.51* 
1.75 

WC 
2.39 
1.9 
2.3 
0.5 
1.2 
0.5 
2.1 
3.9 
4.2 
3.6 
3.7 



Table D-7. Ammonia ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Ammonia TREATMENT: 2 1.0 x 10-5 0.89 
(mg/1) ERROR (a): 6 2.09 x 10-5 

TIME: 9 2.S0 x 10-3 170.21* 
TMT .-TD1E: IS 1.46 x 10-5 0.53 
ERROR (b): 54 1.64 x 10-5 

"') INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. O.Ol2(a) O.012(a) O.Oll(a) 0.016 0.015 0.017 
DAY 0 0.060(a) 0.057(a) 0.064(a) 0.064 0.064 0.05S 
DAY 10 O.OlHa) O.OlHa) 0.010(a) 0.034 0.019 0.033 
DAY 20 0.005(a) O.OOHa) O.OOHa) 0.007 0.003 0.002 
DAY 30 0.005(a) O.OOS(a) 0.005(a) 0.009 0.012 0.010 
DAY 40 O.Ol9(a) O.013(a) 0.010(a) 0.022 0.011 0.031 
DAY 50 0.002(a) 0.005(a) O.OOO( a) 0.001 0.001 0.000 
DAY 60 o .002( a) o .003( a) 0.003(a) 0.004 0.009 0.004 
DAY 70 O.OOS(a) 0.009( a) 0.007(a) O.OOS 0.015 0.016 
DAY SO O.OOO(a) O.OOO(a) O.OOO(a) 0.003 0.000 0.003 
DAY 90 0.009(a) 0.012(a) o .009( a) 0.007 0.011 0.016 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Ammonia TREATMENT: 2 7.43 x 10-5 0.94 
(mg/l) ERROR (a): 3 7.90 x 10-5 

TIME: 9 1.66 x 10-3 19.01* 
TMT .-TIME: IS 2.75 x 10-5 0.32 
ERROR (b): 27 S.71 x 10-5 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. O.OlO(a) 0.014(a) 0.012(a) 0.022 0.036 0.02S 
DAY 0 0.049 (a) 0.049 (a) 0.049(a) 0.052 0.052 0.052 
DAY 10 o .02S( a) 0.037(a) 0.043(a) 0.070 0.062 0.040 
DAY 20 0.004(a) O.Oll(a) o .003( a) 0.000 0.002 0.006 
DAY 30 O.OOHa) O.OOS(a) 0.004(a) 0.004 0.001 0.005 
DAY 40 0.002(a) 0.004(a) 0.004(a) 0.005 0.002 0.006 
DAY 50 O.OOO(a) O.OOHa) O.OOO(a) 0.000 0.002 0.000 
DAY 60 o .00Ha) O.OOHa) 0.003(a) 0.003 0.001 0.002 
DAY 70 0.006(a) o .006( a) 0.007(a) 0.019 0.041 0.022 
DAY SO O.006(a) O.OlS(a) 0.003(a) 0.036 0.100 0.061 
DAY 90 0.002(a) O.OOO(a) O.OOO(a) 0.033 0.100 0.OS9 
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Table D-8. Nitrite ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Nitrite TREATMENT: 2 1.94 x 10-6 1.02 
(mg/l) ERROR (a): 6 1.90 x 10-6 

TIME: 9 1.68 x 10-4 90.60* 
TMT .-TIME: 18 8.33 x 10-7 0.45 
ERROR (b): 54 1.85 x 10-6 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.003(a) 0.003(a) 0.003(a) 0.017 0.008 0.013 
DAY 0 0.006(a) 0.005(a) 0.004(a) 0.003 0.004 0.002 
DAY 10 0.014(a) 0.016(a) 0.014(a) 0.075 0.064 0.063 
DAY 20 o .002( a) 0.002(a) O.OO1(a) 0.074 0.001 0.054 
DAY 30 O.OOl(a) 0.002(a) O.OO1(a) 0.007 0.005 0.003 
DAY 40 o .001( a) O.OOl(a) O.OO1(a) 0.001 0.001 0.001 
DAY 50 O.OOl(a) o .001( a) O.OOl(a) 0.001 0.001 0.003 
DAY 60 O.OOl(a) o .001( a) O.OOl(a) 0.001 0.003 0.001 
DAY 70 O.OO1(a) 0.001( a) O.OO1(a) 0.001 0.001 0.001 
DAY 80 O.OOl(a) O.OOl(a) O.OO1(a) 0.001 0.001 0.001 
DAY 90 O.OO1(a) 0.002(a) O.OO1(a) 0.006 0.003 0.001 

LAKE PARAMETER S.V. D.F. M. S. E. F 

" New Fork Nitrite TREATMENT: 2 5.17 x 10-7 0.76 
(mg/l) ERROR (a): 3 6.83 x 10-7 

TIME: 9 1.55 x 10-5 31.16* 
TMT.-TIME: 18 4.43 x 10-7 0.89 
ERROR (b): 27 4.98 x 10-7 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.002(a) 0.002(a) o .002( a) 0.003 1.002 0.002 
DAY 0 0.002(a) o .002( a) 0.002(a) 0.002 0.002 0.002 
DAY 10 0.007(a) 0.006(a) 0.006(a) 0.013 0.007 0.006 
DAY 20 O.OO1(a) O.OOl(a) 0.002(a) 0.002 0.001 0.002 
DAY 30 o .001( a) O.OO1(a) O.OO1(a) 0.001 0.001 0.001 
DAY 40 O.OO1(a) o .001( a) O.OO1(a) 0.005 0.001 0.001 
DAY 50 o .001( a) o .001( a) O.OO1(a) 0.001 0.001 0.001 
DAY 60 O.OO1(a) O.OO1(a) O.OOl(a) 0.001 0.001 0.001 
DAY 70 O.OO1(a) O.OO1(a) O.OO1(a) 0.001 0.001 0.001 
DAY 80 0.004(a) O.OO1(a) O.OOl(a) 0.001 0.001 0.001 
DAY 90 O.OO1(a) O.OO1(a) o .001( a) 0.002 0.001 0.003 
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Table D-9. Nitrate ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Nitrate TREATMENT: 2 3.94 x 10-4 0.11 
(mg/l) ERROR (a): 6 1.05 x 10-2 

TIME: 9 4.29 x 10-2 4.74* 
TMT .-TIME: 18 1.66 x 10-2 0.91 
ERROR (b): 54 5.43 x 10-2 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.043(a) 0.045(a) 0.040(a) 0.122 0.066 0.091 
DAY 0 0.084(a) 0.119(a) 0.079(a) 0.070 0.076 0.088 
DAY 10 0.056(a) 0.060(a) 0.057(a) 0.035 0.036 0.047 
DAY 20 0.022(a) 0.038 (a) 0.012(a) 0.106 0.139 0.246 
DAY 30 0.092(a) o .028(a) o .025( a) 0.143 0.129 0.147 
DAY 40 0.039(a) o .022( a) 0.042(a) 0.139 0.119 0.139 
DAY 50 0.009(a) 0.009(a) 0.012(a) 0.149 0.009 0.019 
DAY 60 0.016(a) o .032( a) 0.029(a) 0.139 0.017 0.029 
DAY 70 0.049(a) 0.036(a) 0.029(a) 0.139 0.019 0.039 
DAY 80 0.042(a) 0.042(a) 0.052(a) 0.199 0.059 0.079 
DAY 90 0.029(a) 0.065(a) 0.064(a) 0.104 0.057 0.079 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Nitrate TREATMENT: 2 3.26 x 10-2 1.24 
(mg/l) ERROR (a): 3 6.45 x 10-4 

TIME: 9 1.92 x 10-2 50.47* 
TMT .-TIME: 18 1.08 x 10-2 0.77 
ERROR (b): 27 1.55 x 10-2 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.037(a) o .035( a) 0.106(a) 0.113 0.090 0.082 
DAY 0 0.100(a) 0.100(a) 0.100(a) 0.100 0.100 0.100 
DAY 10 O.l44(a) 0.134(a) 0.159(a) 0.127 0.153 0.154 
DAY 20 0.019(a) 0.0 14( a) 0.044(a) 0.198 0.199 0.198 
DAY 30 0.034(a) 0.014(a) 0.044(a) 0.209 0.189 0.199 
DAY 40 0.024(a) 0.009(a) 0.274(a) 0.114 0.109 0.099 
DAY 50 0.009(8.) 0.009(a) 0.009(a) 0.079 0.009 0.009 
DAY 60 0.009(a) 0.009(a) 0.029(a) 0.059 0.009 0.009 
DAY 70 0.009(a) 0.009(a) 0.009 (a) 0.079 0.079 0.009 
DAY 80 0.007(a) o .024( a) 0.014(a) 0.079 0.009 0.029 
DAY 90 0.019(a) 0.029 (a) 0.379(a) 0.088 0.039 0.017 
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Table D-IO. Orthophosphate ANOV and mean values. 

LAKE PARAMETER S. V. D.F. M.S.E. F 

Bear Ortho
phosphate 
(mg/l) 

TREATMENT: 2 1.0S x 10-6 0.87 

CONTROL 
O.T.M. 0.002(a) 
DAY 0 O.OOS(a) 
DAY 10 0.004(a) 
DAY 20 O.OOO(a) 
DAY 30 0 .001( a) 
DAY 40 0 ~001( a) 
DAY SO 0.002(a) 
DAY 60 O.OOO(a) 
DAY 70 0.004(a) 
DAY SO· 0 .OOO( a) 
DAY 90 0.003(a) 

ERROR (a): 6 1.24 x 10-6 
TIME: 9 7.5S x 10-5 91.35* 
TMT .-TIME: 1S 1.23 x 10-6 1.49 
ERROR (b): 54 S.29 x 10-7 

INTRA-LAKE COMPARISON 

DIURNAL 

S. LA. CRUDE 
0.003(a) 
O.Ol1(a) 
0,.004(a) 
o .001( a) 
0.002(a) 
o .001( a) 
o .001( a) 
O.OOO(a) 
0.003(a) 
O.OOO(a) 
0.004(a) 

WYO. CRUDE 
0.002(a) 
0.010(a) 
0.003(a) 
O.OOO(a) 
o .002( a) 
O.OO1(a) 
O.OOl(a) 
O.OOO(a) 
0.003(a) 
O.OOO(a) 
0.003(a) 

CONTROL 
O.OOS 
0.009 
0.005 
0.006 
0.007 
0.009 
0.009 
0.007 
0.010 
0.006 
O.OOS 

DARK 

SLC 
0.004 
O.OOS 
0.005 
0.005 
0.007 
0.010 
0.002 
0.001 
0.004 
0.000 
0.002 

we 
0.005 
O.OOS 
0.006 
0.006 
O.OOS 
0.011 
0.002 
0.000 
0.004 
0.000 
0.002 

LAKE PARAMETER S. V. D.F. M.S.E. F 

New Fork Ortho
phosphate 
(mg/1) 

TREATMENT: 
ERROR (a): 
TIME: 
TMT .-TIME: 
ERROR (b): 

2 
3 
9 

lS 
27 

7.17 x 10-5 19.02* 
3.77 x 10-6 
2.S3 x 10-4 27.9* 
2.54 x 10-5 2.50* 
1.02 x 10-5 

INTRA-LAKE COMPARISON 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY SO 
DAY 60 
DAY 70 
DAY SO 
DAY 90 

CONTROL 
0.004(a) 
O.OlS(a) 
0.016(a) 
O.OOl(a) 
O.OOO(a) 
O.OO1(a) 
0.002(a) 
O.OO1(a) 
O.OO1(a) 
O.OO1(a) 
O.OOO(a) 

DIURNAL 

S. LA. CRUDE 
O.OOS(b) 
O.OlS(a) 
0.0 lS (a) 
0.003(a) 
0.006(a) 
O.OOO(a) 
0.002(a) 
o .001( a) 
0.004(ab) 
0.022(b) 
O.OOS(b) 

WYO. CRUDE 
0.007(b) 
O.OlS(a) 
0.015(a) 
0.002(a) 
o .OOO( a) 
O.OOl(a) 
0.003(a) 
0.002(a) 
O.OOS(b) 
0.017(b) 
0.003(ab) 
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CONTROL 
O.OOS 
0.015 
0.015 
O.OOS 
0.013 
0.010 
0.003 
0.001 
0.005 
0.005 
0.002 

DARK 

SLC 
0.049 
0.015 
0.015 
0.009 
0.013 
0.010 
0.003 
0.019 
0.136 
0.22S 
0.044 

we 
0.037 
0.015 
0.015 
0.009 
0.012 
0.005 
0.004 
0.026 
0.131 
0.153 
0.001 



Table D-11. Total phosphorus ANOV and mean values. 

LAKE PARAMETER S. V. D.F. M.S.E. F 

Bear Total Phos- TREATMENT: 2 1.36 x 10-5 0.46 
phorus (mg/l) ERROR (a): 6 2.98 x 10-5 

TIME : 9 5.00 x 10-4 15.30* 
nrr .-TIME: 18 7.66 x 10-6 0.23 
ERROR (b): 54 3.37 x 10-5 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.009(a) . 0.010(a) 0.010(a) 0.013 0.010 0.013 
DAY 0 O.OlS(a) 0.013(a) 0.014(a) 0.013 0.015 0.021 
DAY 10 0.009(a) 0.012(a) 0.012(a) 0.014 0.008 0.010 
DAY 20 O.OOS(a) 0.009(a) O.OOHa) 0.009 O.OOS 0.010 
DAY 30 o .00H a) O.OOS(a) 0.008(a) 0.010 0.010 0.010 
DAY 40 0.006(a) O.OOHa) 0.007(a) 0.009 0.009 0.010 
DAY 50 O.OOS(a) 0.007(a) 0.007(a) 0.012 O.OOS 0.017 
DAY 60 O.OOHa) 0.002(a) 0.002(a) 0.008 0.006 0.004 
DAY 70 o .03H a) 0.024(a) 0.029 (a) 0.030 0.024 0.034 
DAY SO 0.002(a) 0.004(a) O.OOS(a) 0.007 0.005 0.005 
DAY 90 O.OlHa) 0.013(a) 0.0 14( a) 0.016 0.011 0.013 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Total Phos- TREATMENT: 2 5.29 x 10-4 2.66 
phorus (mg/I) ERROR (a): 3 1.99 x 10-4 

TIME: 9 1.14 x 10-3 5.23* 
TMT .-TIME: IS 2.45 x 10-4 1.12 
ERROR (b): 27 2.1S x 10-4 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.010(a) 0.019(a) 0.019(a) 0.011 O.OSl 0.062 
DAY 0 0.032(a) 0.032(a) o .03H a) 0.028 0.02S 0.02S 
DAY 10 o .024( a) 0.025 (a) 0.022(a) 0.018 0.020 0.021 
DAY 20 O.OOS(a) 0.007(a) 0.006(a) 0.016 0.019 0.013 
DAY 30 O.OOS(a) 0.004(a) 0.004(a) 0.013 0.017 0.016 
DAY 40 O.OOHa) 0.002(a) O.OOHa) 0.004 0.014 0.004 
DAY 50 0.004(a) 0.006(a) O.OOS(a) 0.012 0.011 0.013 
DAY 60 0.003(a) 0.007(a) 0.014(a) 0.002 0.OS9 0.107 
DAY 70 0.009(a) O.OlHa) 0.017(a) 0.010 0.154 0.146 
DAY SO o .02H a) o .034( a) 0.030(a) 0.005 0.256 0.161 
DAY 90 O.OOO(a) 0.066(a) 0.OS6(a) 0.002 0.204 0.109 
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Table D-12. Dissolved oxygen ANOV and mean values. 

LAKE 

Bear 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

LAKE 

New Fork 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

PARAMETER 

Dissolved 
Oxygen (mg/l) 

S.V. 

TREATMENT: 
ERROR (a): 
TIME: 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
9 

18 
54 

M.S.E. 

29.7 
1.03 
5.14 
4.60 
0.17 

INTRA-LAKE COMPARISON 

CONTROL 
8.06(a) 
7.37(a) 
7.17(a) 
7.83(a) 
7.73(a) 
7 .43( a) 
8.10(a) 
8.17(a) 
8.47(a) 
9.13(a) 
9.17(a) 

DIURNAL 

S. LA. CRUDE 
6.48(b) 
7.30(a) 
7.23(a) 
7.60(a) 
7.87(a) 
7.40( ) 
6.97(b) 
5.57(b) 
5.40(b) 
4.70(b) 
4.77(b) 

~-lY0. CRUDE 
6.22(b) 
7 .43( a) 
7.17(a) 
7.87(a) 
7.77(a) 
7.63( ) 
6.53(b) 
5.47(b) 
4.97(b) 
4.03(b) 
3.30(b) 

PARAMETER S. V. D.F. 

Dissolved TREATMENT: 
Oxygen (mg/l) ERROR (a): 

TIME: 
TMT .-TIME: 
ERROR (b): 

2 
3 
9 

18 
27 

CONTROL 
6.42 
7.4 
7.3 
6.7 
6.7 
6.1 
6.4 
6.0 
5.3 
6.3 
6.0 

M.S.E. 

56.39 
4.30 

21.35 
7.23 
0.81 

INTRA-LAKE COMPARISON 

CONTROL 
9.65(a) 
7.2 (a) 
7.5 (a) 
9.4 (a) 

10.0 (a) 
11.0 (a) 
10.5 (a) 
10.3 (a) 
10.3 (a) 
10.0 (a) 
10.4 (a) 

DIURNAL 

S. LA. CRUDE 
7.11(b) 
7.2 (a) 
7.5 (a) 
9.4 (a) 
9.8 (a) 

10.5 (a) 
7.9 (b) 
6.7 (b) 
5.4 (b) 
2.6 (b) 
4.4 (b) 
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WYO. CRUDE 
6.47(b) 
7.2 (a) 
7.6 (a) 
9.4 (a) 
9.9 (a) 

10.5 (a) 
7.3 (b) 
5.6 (b) 
4.1 (b) 
2.1 (b) 
1.4 (c) 

CONTROL 
4.87 
7.2 
7,3 
7.0 
6.5 
5.2 
4.3 
3.6 
2.8 
2.8 
2.0 

DARK 

SLC 
4.35 
7.3 
7.2 
6.7 
6.7 
6.0 
3.4 
1.9 
1.8 
1.4 
1.1 

DARK 

SLC 
3.84 
7.2 
7.0 
6.8 
6.2 
5.4 
3.0 
1.0 
1.0 
0.4 
0.4 

F 

28.80* 

30.36* 
27 .15* 

F 

we 
4.50 
7.6 
7.2 
6.9 
6.9 
6.1 
4.0 
2.2 
1.6 
1.4 
1.1 

13.12* 

26.20* 
8.87* 

WC 
3.92 
7.2 
7.4 
6.9 
6.4 
5.3 
2.3 
0.7 
0.8 
1.0 
1.2 



Table 0-13. Nitrogen gas ANOV and mean values. 

Bear 

PARAMETER 

Ni trogen Gas 
(mole 
fract ion) 

S.V. 

TREATMENT: 
ERROR (a): 
TIME: 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
9 

18 
54 

M.S.E. 

9.72 x 10-3 
5.96 x 10-4 
3.15 x 10-3 
1.87 x 10-3 
8.21 x 10-5 

INTRA-LAKE COMPARISON 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY SO 
DAY 90 

LAKE 

New Fork 

CONTROL 
0.78(a) 
0.8l(a) 
0.80(a) 
0.79(a) 
0.78(a) 
0.7S(a) 
0.78(a) 
0.7S(a) 
O.77(a) 
0.77(a) 
0.76(a) 

DIURNAL 

S. LA. CRUDE 
0.8l(b) 

. 0.8Ha) 
o .80(a) 
0.79(a) 
0.79(a) 
0.78(a) 
0.79(a) 
O.Sl(a) 
o .S4(b) 
0.S5(b) 
0.S6(b) 

PARAMETER S.V. 

WYO. CRUDE 
O.Sl(b) 
0.8l(·a) 
0.80(a) 
0.79(a) 
0.78(a) 
0.78(a) 
0.78(a) 
0.S2(a) 
0.84(b) 
0.86(b) 
0.S9(b) 

D.F. 

Nitrogen Gas 
(mole 
fraction) 

TREATMENT: 2 
3 
8 

ERROR (a): 
TIME : 
TMT .-TIME: 
ERROR (b): 

16 
24 

CONTROL 
0.S2 
o .Sl 
0.80 
0.81 
0.81 
0.82 
0.82 
0.83 
0.83 
0.83 
0.84 

M.S.E. 

DARK 

SLC 
0.86 
0.81 
0.81 
0.81 
0.82 
0.82 
0.84 
0.90 
0.92 
0.92 
0.94 

1.40 x 10-2 
2.40 x 10-3 
5.82 x 10-3 
2.47 x 10-3 
3.94 x 10-4 

INTRA-LAKE COMPARISON 

CONTROL 
O.T.M. 0.725(a) 
DAY 0 O.SO (a) 
DAY 10 O.SO (a) 
DAY 20 0 .76 (a) 
DAY 30 0.74 (a) 
DAY 40 0.72 (a) 
DAY 50 0.68 (a) 
DAY 60 0 .68 (a) 
DAY 70 0 .6 7 (a) 
DAY 80 0.68 (a) 
DAY 90 

DIURNAL 

S. LA. CRUDE 
0.766(ab) 
0.80 (a) 
O.SO (a) 
0.76 (a) 
0.75 (a) 
0.73 (a) 
0.73 (b) 
0.75 (b) 
0.77 (b) 
0.81 (b) 

WYO. CRUDE 
O.77S(b) 
0.79 (a) 
O.SO (a) 
0.77 (a) 
0.75 (a) 
0.73 (a) 
0.73 (b) 
0.77 (b) 
0.81 (b) 
0.86 (c) 
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CONTROL 
0.S5 
0.79 
O.SO 
O.Sl 
0.83 
0.83 
0.87 
0.88 
0.92 
0.93 

DARK 

SLC 
0.86 
0.79 
O.SO 
0.S2 
0.82 
0.84 
0.87 
0.93 
0.94 
0.93 

F 

16.29* 

3S.30* 
22.81* 

F 

WC 
0.86 
0.81 
0.81 
0.81 
0.81 
0.82 
0.84 
0.89 
0.93 
0.95 
0.95 

5.82 

14.75* 
6.27* 

WC 
0.85 
0.79 
0.80 
0.82 
0.S3 
0.84 
0.87 
0.91 
0.92 
0.89 



Table D-14. Oxygen gas ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Oxygen Gas TREATMENT: 2 9.64 x 10-3 15.20* 
(mole ERROR (a): 6 6.34 x 10-4 
fraction) TIME: 9 3.23 x 10-3 40.20* 

TMT.-TIME: lS 1.89 x 10-3 23.S1* 
ERROR (b): S4 7.93 x 10-S 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC we 
O.T.M. 0.217{a) 0.lS7(a) 0.184(a) 0.176 0.139 0.138 
DAY 0 0.189(a) 0.191(a) 0.191{a) 0.19 0.19 0.19 
DAY 10 0.199{a) 0.200{a) 0.198(a) 0.19 0.19 0.19 
DAY 20 0.207(a) 0.20S{a) 0.20S(a) 0.19 0.19 0.19 
DAY 30 0.212{a) o .213{ a) 0.215(a) 0.18 0.18 O.lS 
DAY 40 0.219(a) 0.218{a) 0.221{a) 0.18 O.lS 0.18 
DAY SO 0.222(a) 0.212(a)" 0.214(a) 0.18 0.16 0.17 
DAY 60 0.223{a) o .185(b) o .1Sl(b) 0.17 0.10 0.11 
DAY 70 0.229{a) 0.165{b) 0.164(b) 0.16 0.08 0.07 
DAY SO 0.230{a) 0.146(b) 0.137{b) 0.16 0.07 0.05 
DAY 90 0.237(a) 0.138{b) 0.114{c) 0.16 0.05 0.05 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Oxygen Gas TREATMENT: 2 1.49 x 10-2 29.97* 
(mole ERROR (a): 3 4.78 x 10-4 
fraction) TIME: S 5.23 x 10-3 37.S1* 

TMT.-TIME: 16 2.85 x 10-3 20.45* 
ERROR (b): 24 1.40 x 10-4 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.256(a) 0.213{b) 0.201(b) 0.150 0.132 0.132 
DAY 0 0.207{a) 0.220(a) 0.207{a) 0.21 0.21 0.21 
DAY 10 0.199{a) 0.19S(a) 0.200(a) 0.20 0.20 0.20 
DAY 20 0.240(a) 0.236{a) 0.235(a) 0.19 0.18 O.lS 
DAY 30 o .25M a) 0.247(a) 0.249{a) 0.17 0.18 0.17 
DAY 40 0.268{a) 0.257{a) 0.262(a) 0.17 0.16 0.16 
DAY 50 0.283{a) 0.23S{b) 0.236{b) 0.13 0.12 0.12 
DAY 60 o .283{a) 0.207{b) 0.184{b) 0.12 0.06 0.06 
DAY 70 0.28S{a) 0.172(b) 0.137{c) 0.08 0.04 0.04 
DAY 80 0.284{a) 0.144{b) 0.098{c) 0.08 0.04 O.OS 
DAY 90 
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Table D-15. Carbon dioxide ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Carbon TREATMENT: 2 9.16 x 10-6 17.56* 
Dioxide ERROR (a): 6 5.21 x 10-7 
(mole TIME: 9 4.31 x 10-6 51.46* 
fract ion) TMT .-TIME: 18 1.47 x 10-6 17.51* 

ERROR (b): 54 8.37 x 10-8 

INTRA-LAKE COMPARISON 

DIURNAL DARK. 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T .M. 0.0018(a) 0.0028(b) 0.0028(b) 0.0035 0.0048 0.0064 
DAY 0 O.OOl7(a) 0.0018(a) 0.0020(a) 0.0017 0.0017 0.0016 
DAY 10 0.0026 (a) 0.0027(a) 0.0028 (a) 0.0029 0.0030 0.0029 
DAY 20 0.0020(a) 0.0022(a) 0.0020(a) 0.0031 0.0030 0.0031 
DAY 30 0.0020(a) 0.0022(a) 0.0019(a) 0.0048 0.0029 0.0052 
DAY 40 o .002l( a) o .002l( a) 0.0018(a) 0.0061 0.0029 0.0090 
DAY 50 0.0014(a) 0.002l(b) o .002l( b) 0.0035 0.0057 0.0084 
DAY 60 0.0018 (a) 0.0027(b) 0.0028(b) 0.0030 0.0062 0.0080 
DAY 70 o .OOD( a) 0.0030(b) 0.0030(b) 0.0026 0.0068 0.0078 
DAY 80 0.0017 (a) 0.0043(b) 0.0046(b) 0.0035 0.0073 0.0088 
DAY 90 O.OOl7(a) 0.0045(b) 0.005l(<<;:) 0.0037 0.0085 0.0094 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Carbon TREATMENT: 2 2.79 x 10-4 77 .92* 
Dioxide ERROR (a): 3 3.58 x 10-7 
(mole TIME: 7 5.99 x 10-5 26,0.7* 
fract ion) TMT .-TIME: -14 6.59 x 10-6 28.68* 

ERROR (b): 21 2.30 x 10-7 

INTRA-LAKE COMPARISON 

DIURNAL DARK. 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 0.0019 (a) 0.0038(b) 0.0044(b) 0.0071 0.0082 0.0073 
DAY 0 0.0013(a) 0.0012(a) o .001l( a) 0.0010 0.0011 0.0010 
DAY 10 0.0032(a) 0.0030(a) 0.003l(a) 0.0027 0.0030 0.0033 
DAY 20 0.0004(a) 0.0005(a) 0.0006(a) 0.0047 0.0049 0.0048 
DAY 30 0.0005(a) 0.0008(a) 0.0006(a) 0.0061 0.0062 0.0063 
DAY 40 0.0007(a) 0.0010 (a) 0.0009(a) 0.0068 0.0072 0.0069 
DAY 50 o .002l( a) 0.0059(b) 0.0071 (c) 0.0123 0.0134 0.0118 
DAY 60 0.0032(a) 0.0083(b) 0.0102(c) 0.0122 0.0159 0.0135 
DAY 70 0.0038(a) 0.0099(b) 0.0116(c) 0.0111 0.0136 0.0108 
DAY 80 ( ) ( ) ( ) 
DAY 90 ( ) ( ) ( ) 
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Table D-16. Methane ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Methane TREATMENT: 2 4.13 x 10-5 0.059 
(mole ERROR (a): 3 7.03 x 10-4 
fraction) TIME: 8 2.75 x 10-3 23.88* 

TMT .-TIME: 16 1.81 x 10-5 0.158 
ERROR (b): 24 1.15 x 10-4 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. (a) ( a) (a) 0 0.0089 0.0133 
DAY 0 0 (a) 0 ( a) 0 (a) 0 0 0 
DAY 10 0 (a) 0 ( a) 0 (a) 0 0 0 
DAY 20 0 (a) 0 (a) 0 ( a) 0 0 0 
DAY 30 0 (a) 0 ( a) 0 (a) 0 0 0 
DAY 40 0.016(a) 0.016(a) O.Ol1(a) 0 0 0 
DAY SO 0.033(a) 0.033(a) o .027C a) 0 0.01 0.01 
DAY 60 o .041( a) 0.046(a) 0.046(a) 0 0.02 0.02 
DAY 70 0.042(a) 0.053(a) 0.051<a) 0 0.02 0.04 
DAY 80 0.036(a) 0.047(a) 0.043( a) 0 0.03 0.05 • 
DAY 90 ( ) ( ) ( ) 
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Table D-17. Accumulative gas ANOV and mean values. 

LAKE 

Bear 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

LAKE 

PARAMETER S.V. 

Accum. Gases TREATMENT: 
(m!) ERROR (a): 

TIME: 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
8 

16 
48 

M.S.E. 

21,359 
4,295 
1,420 
2,936 

311.0 

INTRA-LAKE COMPARISON 

CONTROL 
13.97(a) 

-19.96(a) 
-16.79(a) 
-6.14(a) 
-5.28(a) 
6.21(a) 

24.88(a) 
34.54(a) 
50.27(a) 
58.00(a) 

( ) 

DIURNAL 

S. LA. CRUDE 
-42.27(b) 
-31.97(a) 
-31.08( a) 
-26. 27( a) 
-17.23(a) 
-14.94(a) 
-24.33(b) 
-59.94(b) 
-80.76(b) 
-93.93(b) 

( ) 

PARAMETER S.V. 

WYO. CRUDE 
-13 .23( c) 
-16.28(a) 
-3.20(a) 
-0.25(a) 
8.71(a) 

14.72(a) 
4.22(a) 

-14.30(c) 
-40.46(c) 
-72 .25(b) 

( ) 

D.F. 

DARK 

CONTROL SLC 
-92.28 -187.62 
-1 7 .9 3 -41. 5 5 
-16.12 -65.94 
-34.43 -93.62 
-57.29 -133.37 
-89.64 -192.85 

-101.45 -229.74 
-142.90 -270.55 
-174.24 -311.33 
-196.49 -349.62 

M.S.E. 

F 

4.97 

4.57* 
9.44* 

WC 
-180.99 
-43.01 
-70.33 
-93.97 

-119.10 
-165.16 
-209.30 
-264.05 
-321.68 
-342.35 

F 

New Fork Accum. Gases TREATMENT: 
(ml) ERROR (a): 

2 
3 
8 

5,178.5 
7,815.3 

42,315 
1,602.8 

658.8 

0.66 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

CONTROL 
146.1(a) 
-36.6(a) 

38.4(a) 
71.5(a) 

139.7(a) 
200.9(a) 
251.5(a) 
228.9(a) 
227.5 (a) 
193.0(a) 

( ) 

TIME: 
TMT .-TIME: 
ERROR (b): 

16 
24 

64.2* 
2.44* 

INTRA-LAKE COMPARISON 

DIURNAL 

S. LA. CRUDE 
171.6 (a) 

1.·7(a) 
82.1 (a) 

131.8(a) 
202.4(a) 
238.3(a) 
262.4(a) 
223.1(ab) 
214.6(a) 
188.2(a) 

( ) 

WYO. CRUDE 
136.5(a) 
-9.7(a) 
74.5 (a) 

128.2(a) 
190.2(a) 
220.0 (a) 
225.3(a) 
171.8(b) 
143.2(b) 
112.2(b) 

( ) 
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DARK 

CONTROL SLC WC 
-28.05 -69.93 -68.46 
-13.98 -28.89 -23.50 
-9.69 -40.93 -27.02 
-0.46 -54.89 -22.75 

-13.94 -54.54 -41.36 
-36.89 -46.71 -67.32 
-45.16 -75.90 -87.83 
-59.19 -99.00 -104.93 
-37.55 -110.12 -117.58 
-35.64 -118.42 -123.89 



Table D-18. Accumulative nitrogen ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S.E. F 

Bear Accum. N2 TREATMENT: 2 7007 1.82 
(mg) ERROR (a): 6 2587 

TIME : 8 347 2.71 
TMT .-TIME: 16 152 0.79 
ERROR (b): 48 191 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. -52.55(a) -66.58(a) -34.44(a) 5.77 -132.86 -121.57 
DAY 0 -42.13(a) -53.92(a) -36.82(a) -31.10 -51.54 -51.07 
DAY 10 -52.83(a) -67.06(a) -38.98(a) -21.35 -75.17 -76.02 
DAY 20 -51.80(a) -67.93(a) -45.26(a) -33.43 -91.02 -90.97 
DAY 30 -60.99(a) -70.35(a) -45 .45( a) -51.01 -129.45 -114.90 
DAY 40 -66.18(a) -69 .61( a) -44.92(a) -84.99 -166.55 -145.69 
DAY 50 -52.37(a) -54.99(a) -23.62(a) 37.79 -142.25 -126.61 
DAY 60 -53 .16( a) -68.98(a) -22.59(a) 57.23 -155.44 -139.55 
DAY 70 -44.82(a) -70.22(a) -20.68(a) 73.39 -184.87 -169.18 
DAY 80 -52.66(a) -76.14(a) -27.69(a) 105.41 -199.48 -180.14 
DAY 90 ( ) ( ) ( ) 

LAKE PARAMETER S.V. D.F. M. S.E. F 

New Fork Accum. N2 TREATMENT: 2 40,622 2.92 
(mg/l) ERROR (a): 3 13,927 

TIME : 7 10,106 15.17* 
TM.T • -TIME : 14 977 .3 1.47 
ERROR (b): 21 666.2 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. -12.71(a) 75.82(a) 73.24(a) 46.97 28.39 20.81 
DAY 0 -51.52(a) -13.11(a) -18.95(a) 5.92 -10.17 -6.66 
DAY 10 -20.95(a) 26.66(a) 26.01(a) 25.67 -10.21 4.93 
DAY 20 -22.21(a) 42.28(a) 47.07(a) 47.24 -17.35 20.14 
DAY 30 -9.87(a) 73.99(a) 71.29 (a) 55.83 10.30 19.01 
DAY 40 5.95(a) 98.93(a) 95.76(a) 62.69 26.46 25.76 
DAY 50 24.08( a) 126.77(a) 123.86(a) 95.10 80.04 13.73 
DAY 60 -6.56(a) 118.26(a) 116.50(a) 102.75 82.78 48.54 
DAY 70 -20 .63( a) 133.38(a) 124.45(a) 102.14 65.26 41.00 
DAY 80 ( ) ( ) ( ) 
DAY 90 ( ) ( ) ( ) 
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Table D-19. Accumulative oxygen ANOV and mean values. 

LAKE 

Bear 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

LAKE 

New Fork 

O.T.M. 
DAY 0 
DAY 10 
DAY 20 
DAY 30 
DAY 40 
DAY 50 
DAY 60 
DAY 70 
DAY 80 
DAY 90 

PARAMETER 

Accum. 02 
(mg) 

S.V. 

TREATMENT: 
ERROR (a): 
TIME: 
TMT .-TIME: 
ERROR (b): 

D.F. 

2 
6 
8 

16 
48 

M.S.E. 

48,924 
4,450 

16,611 
B,949 

392.B 

F 

10.99* 

42.29* 
22.7B* 

INTRA-LAKE COMPARISON 

DIURNAL 

CONTROL 
29.31(a) 
-2.37(a) 

S. LA. CRUDE 
-46.23(b) 

WYO. CRUDE 
-42.23(b) 

6.88(a) 
15.67(a) 
21.42(a) 
27 .19 (a) 
32.40(a) 
45.05(a) 
53.30(a) 
64.26(a) 

( ) 

PARAMETER 

Accum. 02 
(mg) 

-6 .B3( a) -4.08(a) 
10 .39(a) 
20 .42( a) 
28.93(a) 
16.10(a) 

1.42( a) 
8.62(a) 

14.60(a) 
2.82(a) 

-45.07(b) -40.54(b) 
-90.55(b) -78.71(b) 

-134.85(b) -137.30(b) 
-166.24(b) -197.36(b) 

( ) 

S.V. 

TREATMENT: 
ERROR (a): 
TIME: 
TMT.-TIME: 
ERROR (b): 

( ) 

D.F. 

2 
3 
7 

14 
21 

DARK 

CONTROL SLC WC 
-42.1B -177.15 -179.86 
-11.01 -14.79 -15.72 
-19.63 -30.41 -33.96 
-36.58 -50.81 -51.Bl 
-57.28 -76.41 -70.82 
-74.36 -129.47 -115.86 
-42.41 -239.15 -226.60 
-44.61 -299.44 -308.55 
-45.84 -349.81 -377.96 
-47.94 -404.07 -417.43 

M.S.E. 

61,040 
4.650 

19,655 
11 ,046 

392.1 

F 

13.13* 
50.13* 

28.17* 

INTRA-LAKE COMPARISON 

CONTROL 
162.3(a) 
-4.7 (a) 
65.5(a) 

103.7(a) 
164.9(a) 
217.6(a) 
241.7(a) 
253.9(a) 
255.B(a) 

( ) 
( ) 

DIURNAL 

S. LA. CRUDE 
59.2(b) 

-14.1<a) 
51.9(a) 
89.8(a) 

130.6(a) 
129.3(b) 
88.4(b) 
28.0(b) 

-30.5(b) 
( ) 
( ) 

WYO. CRUDE 
51.8(b) 

1.2(a) 
67.3(a) 

l11.3(a) 
150.7(a) 
139.6(b) 
62.9(b) 

-14.0(c) 
-104.4(c) 
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( ) 
( ) 

DARK 

CONTROL SLC WC 
-205.42 -209.67 -174.13 

-27.36 -31.92 -27.52 
-59.23 -63.45 -59.63 
-89.93 -93.56 -89.06 

-148.18 -151.08 -136.63 
-218.34 -215.68 -195.84 
-313.41 -332.22 -227.64 
-379.39 -393.83 -310.14 
-407.47 -395.65 -346.60 



Table D-20. Accumulative carbon dioxide ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M.S .E. F 

Bear Accum. CO2 TREATMENT: 2 6,488 7.57* 
(mg) ERROR (a): 6 856.6 311.1 

TIME: 8 18,451 
TMr .-TIME: 16 1,346 22.70* 
ERROR (b): 48 59.3 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 53.11(a) 81 .84( a) 77.57(a) 176.93 176.60 265.33 
DAY 0 21.69( a) 22.46(a) 20.93(a) 30.39 32.19 32.10 
DAY 10 25.51(a) 28 .32( a) 22.33(a) 53.41 51.42 54.52 
DAY 20 38.45(a) 41.85(a) 33.03(a) 109.02 70.03 117 .83 
DAY 30 50.07(a) 53.17(a) 41.88( a) 166.88 87.87 228.38 
DAY 40 49.72(a) 65.02(a) 57.08(a) 157.03 162.34 277 .91 
DAY 50 62.72(a) 86.0Hb) 81.75(b) 210.09 208.32 326.37 
DAY 60 64.90( a) 108.27(b) 102.94(b) 233.99 263.42 378.00 
DAY 70 77.53(a) 150.37(b) 150.34(b) 292.50 320.77 451.40 
DAY 80 87.41(a) 181.04(b) 187.80(b) 339.10 393.08 521.86 
DAY 90 ( ) ( ) ( ) 

LAKE PARAMETER S.V. D.F. M.S.E. F 

New Fork Accum. CO2 TREATMENT: 2 26,453 49.9* 
(mg) ERROR (a): 3 5,305 

TIME: 6 46,105 314.8* 
TMr .-TIME: 12 4,610 31.5* 
ERROR (b): 18 146.5 

INTRA-LAKE COMPARISON 

DIURNAL DARK 

CONTROL S. LA. CRUDE WYO. CRUDE CONTROL SLC WC 
O.T.M. 55.1(a) 116.9 (b) 138.9(b) 412.99 432.70 386.34 
DAY 0 40.1 (a) 38.7(a) 43.9 (a) 85.77 77 .30 71.78 
DAY 10 21.3(a) 24.8 (a) 29.3(a) 177.26 168.78 163.10 
DAY 20 24.0 (a) 33.4(a) 34.3(a) 281.40 271.47 263.80 
DAY 30 36.0 (a) 65.4(b) 7l.8(b) 408.37 412.07 390.61 
DAY 40 63.1(a) 157.0 (b) 183.8 (b) 559.40 589.61 551.11 
DAY 50 88.5(a) 220.6(b) 267.8(c) 649.37 703.80 607.91 
DAY 60 112.5(a) 278.7(b) 341.3(c) 729.39 805.90 656.09 
DAY 70 ( ) .( ) ( ) 
DEl 80 ( ) ( ) ( ) 
DAY 90 ( ) ( ) ( ) 
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Table D-21. Chlorophyll ANOV and mean values. 

LAKE PARAMETER S.V. D.F. M. S.E. F 

Bear Chlorophyll TREATMENT: 2 83,027 .10 19.06* 
ERROR (a): 6 4,356.17 
TIME: 7 322,848.5 25.52* 
TMT .-TIME: 14 14,525.78 1.15 
ERROR (b): 42 12,651.52 

INTRA-LAKE COm>ARISON 

DIURNAL 

CONTROL S. LA. CRUDE WYO. CRUDE 
O.T.M. 158(a) 273 (b) 236(b) 
DAY 11 10( a) 13(a) 10(a) 
DAY 17 520( a) 656(a) 698( a) 
DAY 28 195(a) 279(a) 210(a) 
DAY 34 118 (a) 168( a) 153(a) 
DAY 53 148( a) 500(b) 317(ab) 
DAY 57 96( a) 367(b) 250(ab) 
DAY 74 98(a) 116(a) 149(a) 
DAY 86 75(a) 82(a) 103( a) 
DAY 80 ( ) ( ) ( ) 
DAY 90 ( ) ( ) ( ) 
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Appendix E 

Important Dates and Visual Observations 
of Microcosm Experiments 

Table E-l. Dates and observations of the New Fork Lake microcosm 
experiment. 

July 16~ 1981 Sediments added to each of the 12 microcosms. One 
liter of fresh lake water and a liter of media added. 

July 17-18 Suspended sediment was allowed to settle from the 
microcosms. The room was kept dark. 

July 19 All microcosms were filled in the morning. In the 
afternoon, one liter of the aqueous phase was removed 
from all future diurnal microcosms, the media from all 
microcosms mixed and 1 liter redistributed to each 
microcosm. The same procedure was followed for the 
future dark microcosms. The cross inoculation 
procedure was to help assure homogeneity between 
microcosms. 

July 20 

July 21 
(day :1Ft) 

August 31 
(day :1;42) 

Cross inoculation was repeated as on July 19. 

The gaseous phase of all microcosms was closed to 
atmosphere, lights were put on a 12 hour light-8 
hour dark cycle for diurnal microcosms~ 1 liter of 
fresh media was exchanged for a liter of aqueous 
phase in each microcosm (i.e. first media exchange 
day), and composite sample was performed on all 
diurnal and dark microcosms. This day was day #1 
of the microcosm experiments. Media exchange was 
performed every other day and aqueous chemistry and 
gas analyses every 10 days for the next 90 days. 

Oil treatments were initiated; 3.78 ml of oil was 
added to microcosms randomly chosen as oil treatments. 
The following define treatment assignments to micro
cosms 
Control~ diurnal - 2, 4, 6 
Control, dark - 12 
SLC, diurnal - 1, 3, 7 
SLC, dark - 10 
WC, diurnal - 5, 8, 9 
WC~ dark - 11 
The following observations were made on all microcosms: 

The diurnal microcosms were similar in the amount 
and types of plant growth. 

- Filamentous algae dominated sides and column. 
- Small, discrete, spherical algal colonies were at 

water surface. 
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Table E-l. Continued. 

September 15 
(day 4FS?) 

September 18 
(day 4F60) 

September 23 
(day iF6S) 

- Various plants constituted the macrophytic community. 
Microcosm #9 was particularly high in macrophytic 
growth relative to other microcosms. Benthic blue 
green algae were higher in #8 and #9 than in other 
microcosms. 

- All microcosms had visible small, discrete algal 
colonies in their water column. 

- Park microcosms were clear, with no visible growth, 
#11 had 2 oligocheates. 

- In general algal growth in diurnal microcosms was 
beginning to look less healthy than in the recent 
past. In particular, some side algae was beginning 
to slough off and all algae was getting a yellowish 
color. 
The following is a ranking of diurnal microcosms 
in the amount of vegetative biomass at various 
sites within the microcosm. 

Microcosm Bottom Top Side Macrophytes 
Number Algae Algae Algae 

1 4 2 1 3 
2 1 3 1 5 
3 6 2 1 2 
4 5 2 1 6 
5 2 2 1 6 
6 3 1 1 3 
7 7 2 1 4 
8 9 3 1 6 
9 8 3 2 1 

Iron was being released from sediments in iFlO and iFll, 
imparting a distinct red coloration to the aqueous 
phase. 

Microcosms 4, 7, and 8 were dismantled for detailed 
plant analyses. These microcosms were selected 
because they represented systems which had the least 
plant growth for their respective treatments. 

Microcosms #1 had oil particles (small and sparce) 
on filamentous algae throughout water column. Algae 
and macrophytes were yellowish in color and unhealthy 
in appearance. 

fF2 - plant growth healthy in appearance although 
filamentous algae was a pale shade of green. Macro
phytic biomass greater than in other microcosms. 

#3 - plant communities appear as they did in #1, not as 
much oil interspersed with filamentous algae as in #1. 
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Table B-1. Continued. 

October 1 
(day 1173) 

October 15 
(day 1;87) 

#5 - plant community very unhealthy in appearance t 

macrophytes had disappeared and algae did not appear 
to be living. Sediment surface was reddish in color. 

#6 - much like #2 in terms of plant biomass and 
apparent health of plant communities. Macrophytic 
biomass second only to #2. 

#9 - filamentous algae and some macrophytes appeared 
to be dead. A grass-like macrophyte appeared healthy 
and was apparently unaffected by the oil. 

#10 - a floc had formed in water column, and the 
aqueous phase between floc particles was relatively 
clear. 

#11 - aqueous phase still very red due to soluble 
iron. No floc formation. 

#12 - aqueous clear and little growth apparent at 
any site within microcosm. 

#1, 3, 5, 9 - aqueous phase had a slight trace of 
red due to soluble iron. 

#1, 3 - were similar in terms of plant biomass and 
condition. If anything the plant communities were 
looking less healthy with time. Dicotyledon 
macrophytes appeared much more healthy than those 
in #9 (#5 had no macrophytes). 

#5, 9 - plant communities devastated except for a 
grass-like macrophyte in #9. 

#2, 6 - plant communities looked healthy. Most of 
growth was at sediment surface where biomass was 
much greater than in #1, 3, 5, or 9. Macrophytic 
biomass was greater in #6 than in #2 at that time. 

#10 - less iron color in aqueous since floc had 
settled. 

#11 - floc had formed, settled and removed much of 
the iron color as in #10. 

#12 - still was clear with little apparent growth. 

#1 - all plants, except recent growth of small algal 
colonies on microcosms sides, looked dead. 
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Table E-l. Continued. 

October 18 
(day #90) 

October 19-21 

#2 - healthy looking, some macrophytes had grown as 
high. as 55 percent of the microcosms height. 

#3 - patches of filamentous algae appeared 12 October 
and were growing very rapidly by 15 October (a 
substantial biomass had developed by that date). 
Other plant biomass appeared dead . 

. iF5 - iron particles had attached to all dead plant 
growth within microcosms. All plants appeared to 
be destroyed by oil. 

#6 - plant community healthy in appearance, macro
phytes entirely dominated plant biomass at that 
time. 

#9 - some new growth in form of algal colonies had 
appeared on microcosms sides (like #1, 3). 
Motocolyledon maerophyte still appeared healthy. 

#10 - iron in solution still was clearing. 

#11 - more iron in solution than #10, but #11 was 
also clearing. 

#12 - sediment surface slightly red but aqueous phase 
was clear. 

Final aqueous chemical analyses completed (equipment 
failure or precluded compositional gas analyses on day 
#80 and C02 analyses on day #70). 

Microcosms were dismantled; final sediment and plant 
biomass analyses were performed. 
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Table E-2. Dates and observatio~s of the Bear Lake microcosm 
experiment. 

October 30 -
November 4, 
1981 

November 5-6 

November 7 
(day :ff:t) 

November 12 
(day 16) 

November 25 
(day 119) 

December 18 
(day #f:42) 

January 21 
(day #/:76) 

These dates correspond to July 16-21 for operations 
performed on the microcosms. 

Equipment failure delayed initiation of experiment, so 
microcosms were maintained in dark during these days. 

Initial water chemical and gas analyses performed on 
all mi crocosms. 

Teflon-lined gas collecting vessel caps were 
replaced. 

No macrophytes in any microcosms. 
11 - least plant biomass of all microcosms; some plant 
biomass was apparent on sediment surface, microcosm 
sides and stirring bar apparatus. 

12 - #9 same as 11 but slightly more plant biomass. 

All diurnal microcosms were similar, with moderate 
amounts of biomass on sediment surface, microcosms 
sides and stirring apparatus. No macrophytic growth 
within the microcosms was seen. 

Oil treatment was initiated; 3.78 ml of oil was added 
to randomly chosen microcosms. The following define 
treatment assignments to microcosms. 
Control, diurnal 2, 4, 7 
Control, dark 11 
SLC, diurnal 1, 4, 8 
SLC, dark 10 
WC, diurnal 3, 5, 9 
WC, dark 12 

The following is a ranking of diurnal microcosms in 
the amount of vegetative biomass at various sites 
within the microcosm 

Microcosm Bottom Top Side Macrophytes Overall 
Number Algae Algae Algae 

1 10 np 8 np 8 
2 8 1 1 np 1 
3 4 4 3 np 3 
4 9 np np np 9 
5 7 2 2 np 4 
6 1 3 7 np 2 
7 2 5 6 1 5 
8 6 7 4 np 7 
9 5 6 5 np 6 

np = none present 

173 



Table E-2. Continued. 

February 4 

February 5-7 

In general the plant biomass in oil-treated system 
did not look as healthy as those in control micro
cosms. Algae tended to be more yellow in color in 
oiled microcosms. 

#10 and #12 - aqueous phase was clear, obvious 
filamentous type growth at water surface and on 
stirring apparatus. 

#11 - aqueous phase was clear, no growth visible 
anywhere in microcosm. 

Final aqueous chemical and gaseous analyses were 
completed. 

Microcosms dismantled; final sediment and plant 
biomass analyses we.re performed. 
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Appendix F 

Techniques, Computer Program and Nutrient Data 
for Laboratory Litter Decomposition Study 

Contents of this appendix were copied directly from 
computer data files; numbers of significant figures 
reported do not always signify the sensitivity of 
the analysis used. 

Table F-l. Methods and special equipment used for water nutrient 
analyses. 

Analysis Method Source 

Ammonia Indophenol APHA (1980) 

Nitrite Diazotization APHA (1980) 

Nitrate Diazotization after cadmium APHA (1980) 
reduction 

Orthophosphorus Ascorbic acid APHA (1980) 

Total Phosphorus Ascorbic acid after acid APHA <1980 ) 
persulfate digestion 

Sediment and Litter Ascorbic acid after acid APHA (1980) 
Bag Material persulfate digestion 
Phosphorus 
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Table F-2. Nutrient mass balance program for plant litter decomposition 
microcosm experiments. 

n FII.[ lQ(~ Ir~"8IlISPI,Ttn.i..·Nur-ATA",P"I'IT"C'Int'.S'\I/F ,FIt £'y"[.7\ 
I , lLE 2celd'II'I:aOISK, T!TI.E."..ulOoel.t:",""CHc:not,.SAVE",FII ~ 'V D l.7' 
2 rIll 3Q(Kt"O.OIS~,!lrl~."~U~'\TE""ROTfC:TIOh.S'\I/EIFll[,,Dt.7. 
3 'II.E qo(.r~O.I'I!SK,TtTllc"'~y·,pOaTEcTtu~.~'Vl,'II.ET¥Pc.7l 
" C I" E" 5 I U 'I 2'1') Tt I II, I 0 , ,C c .. c: .. '" ( 1 n , I 0) • III L.N" Tf 1 ~ , I 0' , ~E.l1H T ( 1/1, i " , , 
S .4uSu~rl~,luJ 
& c- 111 7?3 
7 l~UT(I,ll=e,n 
e Z~UT(I,~l:P." 
Q l~UTCI,.l.".~ 

10 I~UTCI,~l:O.o 
11 lNUTI1,51:77.~ 
12 CO 10 !=I,12 
13 c- ! ~lDkfSE"T$ I~~lvtCuAI. ~lc"nC:ns·s 
14 DO 20 Jac.b 
15 c· J ~fP~~SEN'S SUCtESSIv~ SA~PLI~C OATES 
1& ;E'O(I~,/10p,Tp.NM3,N02.N03 ' 
17 ZNUTIJ,ll.OD 
Ie Z"UTeJ,2,8TP 
lQ lNUT(J,31.N~3 
ze Z'lUT(J,4)8Nn2 
21 ZNUT(J,S).N03 
22 c* TMlS LOOP ASSTC'IS y'V'ES FaD ~'Ct' '''JT''lF,...T Of,; ",Cw 
23 C*S'~PI.I"c O'TE '0 ~IC"OCOSw "I" 
24 ZO CO"TI~~E 
25 DO ~7 ~~=1,7 
Z~ ftlll'E(~O.I)ZqUT!KL,I)'Z~UT(.~,iJ'l~uT(KL,3)'Z~~'(~~;4l,Zh~Tr<L,~1 
Z7 67 CONTINUE 
ze ~RITE(~O,I)'NE~ C~5~· 
ZI? C"""CEa3 
3!! vOL:Q.3S 
31 IF (T ,GE.5)C,1&',I:E84.5 
32 IF' (I .LiE,'3l"01.=14,O.i!1I 
31 ~O'¥Sal 
3" 00 ee I.K a l,S 
15 NUSUN(I,I.K'=II 
1~ ~8 CONTI"Ue 
j7 oJ 3" M:2,~ 
38 C. PI ReP~ESENTS SuCCESSIIIE l~TERIIAlS 
39 00 40 l.al,5 
4" C* I. REP~ESENTS TH~ FIVE NUT~IEhTS 
III CCNCNU(~.L)8C(VCI.-(CZNU't~,LI.ZNU'C~.I,~l)/?IJ. 
42 • (Crl'NCl-ZNU'(I,L)I)/(VOI..CH'~CE' 
~3 REI.NUT(K.I.).(CONCNU(~.I.'.ZNUT(K.I,1.1l.IIOI. 
4G REL~A'(~.I.).REI.'UT(~,l.l/NCAYS 
115 NOU!:! 
4e IF(~ .EO, 3) NOAy,a" 
~7 IF(~ ,cE. 4) HOAY'.? 
~I yUSUK(K,~).NJ5U~(W.I.I.).RELNU'(W,L) 

~Q ~O CONTINUE 
5r 30 CONTINUE 
51 C* TIoIE'SE LOOPS CALCuLATE T!oIE '''IJU .... , OF TIoIE IIARtCUS H'lTlllf'HT$ 
52 c* ~ELEASEO FRC~ TWE PLANTS CUDING A~ IN'EIIIIAI..CCAIIECTtN~ 
53 C- FOR ''''E HEOI~w EtC""~CED. 
54 wHITE (1!!,301l 
55 303 FOD"'T(2X,"MtC:DOCOS~",IX,·!~'E~~,~",lX,·II"Op·.11'"~'T,1",'1, 
Se ."IIAT~!oI3",3x,·IIA'N02·,3x.·q"N01·1 

51 00 so tJ8Z,e 
Sf ~DITE(20,2031 I, rJ,IiELN",Tt IJ,I' ,R(LNllTClJ,Z) ,REI."uTt IJ,3 1 , 
SQ *AEI.~UT(IJ'~l,IIEI.NUT(IJ.~1 
00 2~1 FORHA'C7x,I2,Tl,IZ,ll,FO,I,IX,FQ,I,lx,FO,I,I"FO.t.21:Fa,!) 
01 .PITE(30,aQ3lt,IJ.IIEI.DA'(IJ,1,.~ELR'TCIJ,2),RE~~"(tJ.3), 
02 *RE~RA'IIJ,.),RELRATCIJ,'3) 
&3 5u C:ONTIHU! 
0 4 .RtT£t20.Z04)NUSU"(8,1),~USU~(~,2),""US~H(e,31,N~SU·(8,"I, 
&5 * ~USU~(8.5' 
oe Z04 'ODHATC1 Ql,FQ.I,IX,PQ.l,II,FQ.I,IX,FQ.I,IX,Fo •• ) 
07 IQ CO .... TI~UE 
08 STOP 
0" EIIO 
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Table F-3. Nutrient concentrations of plant litter decomposition micro
cosms on various dates. 

lc.lln \O\;UO 1,51'1 

", .j" 172;~G 

IS1.un 2Q~.on 1'1.11/1 13Q.5n 1'10; ... 0 

~ ~10.tlQ ~b8.50 S8Q;un lo~.an el,.~o 

5 ~8D,aO 4Ao.OO 

• ~Oo,~11 22~.~n 

10U.ln 111.9/1 

~E~ FUR~ ~ICRacUs~ • l 

,lFt 

2a, .so 

2 111,';0 

5 j1~.ao 51\.00 

b .s7~.90 qll.70 

7 157.QO 151,00 

~Ew FORK ~rtAOCQSM • 1 

TFt 

1.110 

e;50 

2 

3 

lll,10 15.00 100;00 

I~.ao 2U.l0 23;'10 

,*.50 lol,o~ 5;50 

'5 12~.an 150.00 

• ll,oo QQ.71'1 

10;10 

h:all 

)0; en 

)11,'10 IlIOll; ... O 

),UO la15:110 

8,00 00 2,11 0 

Q,all 21,;211 

'.an 10 1 1:110 

5,UO 'I'55;uO 

~Ol 

2.00 

c.50 

j,OO 

1,00 

"'u3 
311;00 

8:110 

Ic:u n 

17.211 

177 

NE~ ruPK MICROCuSM • ~ 

UMPl.lrlG 

UP 

19.10 

TP 

l 

1 toD,OO 

1 

AfAR I.AK! ~teROtOS~ • 1 

U",p1.I,Ie; 

OF' TFt 

s,eo b,oO 

l 101,91'1 2'1.s,oO 

1 .slo,on ~'51,oO 

NHl 

10.00 

Q aS5.o0 \u17,10 11!tf.uc 

• 521,10 58.,ao 

7 ijlo.40 Q]O.90 

bfAH l.iKE MIeROtC$~ • 2 

SAIo'''I.ING 

ilP TP 

j,10 l.SO 

i 8~.iO 11l.1Q ~~lO 

3 31&.00 ~21.00 5S.QO 

4 S20.Qft 951,)0 90.:10 

5 150.30 o19,lO 

o 580,50 blll.~O 

1 qo~.lO ~19.DO 

1,uO 

C.II0 

il.oO 

1'I,on 

'IOl 

1.00 

1, ... 0 
a,On 

'1111 

Q.I: uo 

16;0 0 

1I.1n 

8.2" 

29. go 

11l: 00 

21.0/1 101u:OO 

211,y/l 105~:IIO 



Table F-3. Continued. 

IlP 

C 101.50 185.00 

1 1'0.10 llij,eO 

~E" ~j~E ~tCQOtOS~ • Q 

1 cijS.oo 244 .UO 

Q Q03.in s.'.~o 

5 ~50.1D ~lo.5n 

o lOO.ijO 1~5.ao 

cU.IO llll,ao 

8EA~ ~tKE ~tcROcaSM • 5 

S .... P\,ING 

l 
] 

5 

It 

7 

all 

l,lO 

1~.50 

1,011 

Til 

eI,on 

0.00 
o,on 

"Itt 1 

0,)0 

0,00 

l,lO 

0,00 

"'tI] 

";20 

O~IQ 
8;Qn 

lolQ 

0;00 

Il,on 

2.uO 

l,on 

1.00 

1.00 

~ul 

"Iul 

c";410 
1":2n 

":on 
7 .uo U;OO 

l.OIl 117;ull 

Date 1 .. Day 3 
Date 2 .. Day 7 
Date 3 = Day 10 
Date 4 = Day 14 
Date 5 .. Day 21 
Date 6 = Day 28 
Date 7 .. Day 35 

New Fork microcosm #1 .. Unoiled 
New Fork microcosm #2 .. Unoiled 
New Fork microcosm #3 .. Oiled 
New Fork microcosm #4 .. Oiled 
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BfAR ~tKE ~leRocns~ • b 

~ _hiP ~ HIG 

2 

] 

s 

1 

O,on 

5..1,80 

11,51) 

BfAk LAKE MteAOCOS~ • 7 

SAIlP\, rNG 

OATf 

li.IO 

] ~3~,OQ SO~.Qn O,on 

" IQS6,~o 1150.0n IcOl;UO 

5 ,,"O.ijO lill,QO !l3ij,~n 

• ~tJ.I~ 1074.70 soo;un 

7 84Q.~0 i 44 .20 

B~AA \,AKE MleROCOS~ • 8 

SAI'IIII.ltlG 

all Til 

7.10 

l 107.10 111.10 1";7n 
3 ij34.0n 500.00 135;00 

l,liO bIl;aO 

Z.ll/l 126;011 

1,0" 

z.oo 
c,uo 

11.110 

1~;20 

6;2" 
.;00 

54;00 

4l.on 2'51:00 

5U.QO 730;uO 

50.00 Illl;u O 

1, on 
l,OO 

NOl 

4 117".lO lil~,JO Ilo_.'o Ic.Q~ 08:00 

5 IOOi.uo 1&"l.OO 1~30,uo 130.00 J10;uo 

8ear Lake microcosm #1 = Unoiled 
Bear Lake microcosm #2 = Unoiled 
Bear Lake microcosm #3 = Oiled 
8ear Lake microcosm #4 .. Oiled 

5u,u~ loco;ao 

2ij.OCl 1.1.:uO 

Bear Lake microcosm #5,. Unoiled/no litter 
Bear Lake microcosm #6 .. Unoiled/no litter 
Bear Lake microcosm #7 = Oiled/no sediment 
Bear Lake microcosm #8 .. Oiled/no sediment 



Appendix G 

Curve Fitting Program Used for In-Situ Decomposition Study 

100 BEAR LAKE - CONTROL 

Typha latifolia 
(!) 

(,2 = 0.95) Z 
Z 
<t 75 
:E 
I.U 
c::: 
c::: 
I.U • ~ 
~ 50 • • 
...J 
u... • 
0 • ~ 
Z 25 • I.U • U 
c::: 
UJ 
a.. 

o ~------~---------'-------,--------.-------'r-------~-------r---
o 50 100 150 200 250 300 350 

TIME (days) 

Figure G-l. Illustration of the fit of a typical set of data to the decomposition 
model used in this study (Equation 8). 
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Table G-l. Genfit, computer program to fit decomposition data to the 
(K / a)(e-at - 1) 

model; w = w eO. 
o 

o FILE S.'rL£!,UNIT.OISM,~ECO~D.14,~LDt'ING.3" 
I 'ILE ~(~IN~aOTSM,TITL£=·COEF·,F~O'ECTID~.SAVEI 
2 CO·~ON ICOEFI N".CI~1"OEL'lCIOI""TNClnl,'·'t(101,AsrG~'!I"1 
3 COMWO" 10.TUMI Nt,NPTS'ICS,I~OI,YtIOnl'.'(IOnl 
g Of·E~SION ~·'CIOI 
S O,Tl 'LAMo./o.nll 

c· ~ NI ~U.~ER ~F I~OFPe~nE~T w4AIARLfS CI,SI 
7 .ODE _EIGwTt~G ·OOE C· 

C· e _\ I/vCIl 
C. ~ 0 I 
C· I~ 0 I/ftTCII •• 2 
C. II H' Nu-e£~ OF PA~A·E'E~S ",51 
C-12 NITEA ~A.I.U. NU-SER OF rTF~'TIONS CDEFAULT 2~1 

C-13 TCMI MINI-U- C.'~GE B!T~E~~ CMI 5Qu.~rs (DEF'ULT O.nO~o~: 
14 AE'D(S,IO) N~,NA,~OOE,~rTEo,TCwl,F-T 

10 IS FOP.'T'4tl,F~.O,10'ol 
1~ IF (NITER .LE. 0) NIT£A.25 
11 IF (TtHI .£14. 0) TC"I=O.~OIlO! 
18 ~PITE(~,201 ~t,N',·OOE'NrTE~,rCHI,'MT 

20 I~ FO~.'T('INU.~EP OF tNOEPENOENT (X) v'RI'ALES ',15 I 
2" • ~U.B'R of F,A'.FTEAS IN TME ECUiTION ',I5 I 
21 I MODE rCA -EIGHTING OEFENT!N' Vi~IA~LE •• t5 I 
22 ' ~'XI.U· Nu-eER OF ITEQATIONS ',I5 I 
II ' MINT-UM DIFFERENCE SETwEEN CH! SQU'RE',FI~.S I • 

• 2" I I"IPUT FOR!''' • 'dOh I'n I i(I) 'OELTACl 
25 .) "''''I'ICIl &wU(II') 
Zo 00 40 JSt,NA 
27 RE'OCS,lO) '!J),'OELTA(J),AHI~(J),AMiX(J) 
28 10 'OR.'TI"'10,O) 
zq IF !AO£LTACJ) .EO, 0' 'OE~T'CJ)=O.I •• (J) • 0.01 
30 IF (A~rN(J) .15. -0) 'UIN(J)a.I,~E55 
31 IF (A"'XCJ) .15. -~) ,uAICJ)al,OE55 
32 40 wRIT!(~,210) J.A(J),AOELTA(J),'~IN(J),'M'X(JI 
31 NPTsao 
34 ~RITE(~,50) 
35 50 FORHATC'"RA~ DATA X(I) X(Z), •• ' ~TI) 
30 bO NPTsaNPTS. I 
37 RE'OC5.r"T.ENO-1Z0) eX(I,NpTS).I-I'~II,Y(NPT5).wT(NPTSl 
l8 ~RITE(~,Z10) NPTS,CX(I'NPT!l,l=l~NX),'(NPTSI,-TCNPTS) 
3q C. CALCULATE wEI,MTS 
40 IF CWODEl qO,70.80 
41 70 -TCNPTSl.I.O 
4Z GO TO bO 
ij1 80 WTCNPTSlal.O/wTCNPTS) •• Z 
<14 GO TO 110 
45 ~O IF (Y(NPTS» 100.70,110 
40 Ion wT(NPTSl.-I.O/Y(NPTS) 
41 GO TO bO 
"8 110 wTCNPTS).I,O/YCNPTS) 
;jq GO TO 110 
5~ 120 NPTS-NPTS. I 
51 IF (NPTS .LE. NA) STOP 
5Z CHhO 
51 tTERaO 
54 .RIr£(~,13n) 
55 Il~ FORMAre'OtTER CHI SO AC1) '(2), •• ') 
5~ C· ~'RASOlIC SEARCH FIRST 
57 140 ITER-ITER. 1 
58 CHIS.CHI 
5q C.Ll GRIOLS(CHI) 
on wRITECb,150) IT!R,CHI,e'(J),J8 1,NA) 
01 15~ FOR.iTC15,11CX.G\Q.Q) 
oi CHIS.'SSCCHI • CHIS)/CHI 
ol IF eCHIS .'T. 0.05) GO TO 140 
0" WRITECb,lbO) (AOELT,CJ),J.t,NA) 
05 IbO FOR"'T(I NE. OELTAS I.IG{X,GIO,5») 
00 C- LINE'R .PPROXI .... TION SE.RCH 
01 170 ITER.ITER. I 
oS CHIS-CHI 
oq C'Ll CURFIT(CHI,FLA.OAI 
7n wAITE(b,ISO) ITER,CHI,CACJ),J81,N., 
71 IF (ITER .VI'. NITER .ANO, ,IISCCHI • CHIS) .GT, fCHIl Go .: 170 
72 wRITE(b.len) C'SIGMA(Jl,J_I,N.) 
71 18~ FORMAT(' ~IG~, (A) ',10(X,GIO,5») 
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Table G-l. Continued. 

74 
75 
711 210 
11 
78 c-
7<1 
611 
61 
012 
83 
Illi 
85 
80 
87 10 
811 
6<1 
qO 
~I 

'l 
,1 
'4 cO 
~5 
qll 
'7 
'8 
qCl 30 

100 
10 I 
lac "0 
101 
104 
105 
lOll so 
107 
lOll 
lOll 
11 ~ 
IU 
112 
113 
1111 110 
115 
1111 
117 
118 70 
114 
120 
121 
12Z C-
121 
1211 
125 
1211 
121 
121l 
1211 
Ill! 
III 10 
11Z 
III 
Ilil 
1.35 C-
Ilo 
131 
1.311 
1.311 
1"0 
1111 
Illc 
1/011 
I"" 1105 
1"0 
1101 
1"8 

CALL GII'''M 
STOP 
FOD~At(I5,7Cx.CIII,II}) 

f'I"O 
"'''A SOLIe 5£'"CM 
suellouTINE GIIIOLSCCHII 
CO·~ON ICorFI 4A,4(101,AO£LT4CIO).AMTN(l n l.'·AX(IDI,'SrC- 1 (IOI 
CovwON I~ATUMI NX.NPTS,XCS,I001,YC100),.TCI0 n ) 
00 00 J=t.N' 
CMII =0 
5 TEps..~ 
00 I~ T=I.~'PTS 
¥wA,=FuNCTN(A,XCI,I)1 
CHI1&C~11 • wT(ll_(Y(I) • ,"AT) __ 2 
U=A [Jl 
tiEL rA .. iJELTUJ) 
A(J)&U + DELTA 
(:1'11,,=0 
00 20 I=I.N"TS 
'"'T.FUNCTNC"XCI,!) 
'HI2=C~Ic + ~TCl)-CY(I) - ,",T)··2 
IF [CH11 ,GE. ''''IZI Go Tn "0 
'CJ)u, 
OEL T u-OEI. TA 
CHUaC"'I I 
CH!laCHU 
CMI2 aC"'Il 
'1'1131<0 
STEpS:sTEPS + I 
&CJ)a&'J) + DELT' 
00 50 I=I.NPTS 
'H'TaFUNCTNCA,X(!,lll 
CHIl=C"'ll + RTCI)*CYCI) • , ... 'T}**2 
IF (CHI! .I.T. CMIZI GO Tn 10 
OELT&=DELT'*CO.S + 1.0/CI.n • CCNII c CHIZl/CCNI3 • CMTell) 
Ua,CJl .. DELTA 
IF C'A .LT. 'M!~CJ1) AAaA~INCJ' 
IF C" .GT. AM'~(J)l A,a'M,X(JI 
'(J, .. , 
tOELTAeJ).'DELTA(JleSTEPS/1.0 
COt.lT!NUE" 
CHIaO 
DO 10 !at,NPTS 
YHATaFUNCT~("X(I,!») 
CHIaCH! + -TCI)*(YC%) • 'H,T) •• 2 
CHI:CHI/'LOATCNPTS .. N'l 
"ETuIlN 
END 
CURvE 'ITTING POUTI~E 
SUeROUTINE CUII'IT(CHl,FI.A~DA) 
COMMON ICO!FI ~A.A(IO).'DELT.CIOI.AHINCIOI.'~AX(IO),'STG.'CI~) 
COMMON IDATU~I NX.~PTS,x(5.1nO).YC100),_TtIO~) 
DIMENSION 8(10),8ETAC1~}.OERIVCln),AL"H'CI0,IO'.'IIIIAYC'0.1") 
CHIS-I.OESS 
DO 10 Jel,,,, 
eETACJ)1<O.n 
DO 10 lCal.J 
AI.PH'CIC.J)aO.O 
CO 30 Ial.NPTS 
TEMpawTC!).CYCI) • FU",CTNCA,Xtl.Ill) 
tlO 10 Jal,N& 
DERIVATIVES 
U.,CJI 
DEl TA,uOEL TA (Jl 
AluA .. DELTA 
IF (AI .~T. 'MINCJII A!aAHTNCJ) 
!F CAl .ST. ,~'~CJ» Al.,MAXeJI 
"JIU\ 
YHAT·FUNCTNCA,X(I,!») 
Ac-" • DEL TA 
IF C'2 .LT, '"!N(J) A2.AM!NCJI 
IF (AZ .GT. AM'xeJ») A2.A~'xCJ) 
ACJI·'" 
DEDIVCJ).(YH'T • FUNCTNC',xt\,I)l/CAt e '21 
SETACJI.AET4CJ) + TENP*OFR!VeJ) 
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Table G-l. Continued. 

14Q 
lSI' 20 
1 SIlO 
lSi! "0 
IS1 
IS" 'So 
ISS 100 
150 
151 
IS!! 
15<1 
1110 
101 
102 
101 10 
10" c!!o 
105 
1010 
101 <10 
108 
10" 
110 
171 
\12 100 
171 
17" 
17'S 
1711 
17'7 
\7/1 
17"1 110 
tao 
I a I 
1IJ2 
183 
la" C-
1 as 
ISo 
187 
1IJ8 
U"I 
19!! 
191 
192 
193 
1<1" 10 
195 
1911 20 
191 30 
198 
19<1 "0 
200 
201 50 
202 00 
203 
20" 10 
205 
200 eo 
207 "10 
208 100 
20<1 
21n 
211 110 
212 
213 
21" 
215 
2111 
217 
'!lI1 
21'" 
2iCO 

00 20 ~.I.J 
A~PMA(~.J).A~PHAeK.J) • wTcIl.O£RIYCJI.OEPIVCK) 
'CJl'"u 
00 oC J=I"jA 
00 50 ~.l,J 
AP~A1(~.J).A~PHA(K,J)/sn~TeALPMACJ.Jl*ALPMAe~.Kll 
APP,YCJ,J).I,O • '~'MO' 
C.LL I~VERTeN"APAAV.OETl 
co <10 J'"I,II' 
BeJ)·AeJl 
00 eO ~sl'''A 
IF eJ .GT. Kl GO TO 10 
AAsA-P.1(K.Jl 
GO TO eo 
l'.A"Rn (J.K) 
BCJ).eeJ) • ~ET'(~).AA/SQRTeALPH'eJ.J).ALPw,eK.Kl) 
IF eSCJ) .~ T. ,I4INCJ1) BCJ):,/'IJrj(J) 
IF (eCJ) .GT. 1 MAX(J)1 ~(Jl.'M'X(Jl 
CONTINUE 
ocwX"CWI! 
CHlSsO 
00 lOa I.l,NIITS 
YH'T:FUIICTN(8.1(I.I)1 
CHIs.CHIS • -T(ll*(V(I) • YMAT) •• 2 
CHIs=CHIS/FLOAT(NPTS • II') 
F~.MOA.I~.FLAMD. 
IF (C~IS ,GT, OCHIl ~ETURN 
IF CC~!S .GT, CwX) GO TO "" 
00 110 J.I.~.A 
AeJ)s8!J) 
ASIGM'(Jl=SQIIT(AII~'Y(J'J1/ALPMA(J.J)) 
F~'MO,sO.OI·FL'MOA 
CHI:CHIS 
RETU"'j 
eND 
SyMM£TRIC MATRIx INVE'ISION ROUTI~E 
SUBROUTINE IN~ERT(N",DET) 
OI~E~SIO~ ,Cl~.101 
CET.l.0 
00 100 Lal,N 
OE~=CET • ,CL,Ll 
IF COET .EQ. 0) RETURN 
REC.l.0IACL,L) 
DO 100 I-l,N 
IF (I • Ll 10,QO.iO 
R:Ae:C:dCI,Ll 
GO TO 30 
'1a11EC" (L, Il 
00 110 J"'I,N 
IF (J • L) "0,110.50 
'(I,J).'CI,J) • R.'CJ,L) 
Go TO 110 
'cI,J).A(I,Jl • R.'CL,J) 
CONTINUE 
IF (I • L) 70."10.80 
'(I.~)_A 
GO TO tOO 
'(L,I).;! 
ACL.Ll··'1EC: 
C:ONTIIIUE 
00 110 Jal,N 
co 110 I a l,J 
AC!.J)a·'Cl.J) 
RETURN 
ENO 
SUSROUTINE GRAPH 
DIMENSION YYC100l,PLOTC918l 
COMMON ICOEFI ",.,CIO) 
C:OMMCN IO'TU~1 NX,NPfS.x(5,lnOl.VtIOOl 
~"'·Ie 
II.[N·50 
loOh··IOO 

182 



Table G-l. Continued. 

221 SY~.OHDUDPP. 
Z2Z CO !~ I·I,~!~ 
Z23 10 P~OT(I)·bH 
224 SUO 
225 'S·O 
22e 501F=0 
227 xMI~·O 
.28 xM'~.X(l,ll 

2Z~ 'HINcO 
23~ '~'~=Y(I) 
i/31 ."1TI'.:(I.,15) 
232 15 I'OR~'TC' 0 1 ~ .. tD.' oas. v x •• : '1 
233 00 i/~ r=I.NP'S 
234 !'.S' • VCIl 
i/3! 'Sa,! • '(1) •• 2 
23b 'Y(II.'UNCT4(&,x(!,Il) 
237 SOIF&SOI' • ('(Il • "(r1).-2 
238 xMIN=A~tNlcXCI,rl.XMIN1 
23~ I~'i.,w'Xl(I(I.I1,XH'I' 
2ao 'HIN='~INI(YII),'Y(I1"~rNl 
2a! 'H&X&&~'ll('(!)"'IIl.'~'ll 
?42 20 .RITElb,30) !."ll),Y(l).(x(J,ll.J=I,NI) 
2~3 30 ~O~M'T(I5,7(X,GI~.b») 
244 ~S.I.0 • snt'/('S • SV •• Z/NPTS) 
245 ~"ITE(b,40) ~S 
240 40 FO"~&T(t~~SQ. ',FtO.5) 
247 xSF=.DTM/(X~&( • xMt") 
.~8 ,SF=X~EN/(,M,X • ,MIN) 
24q 00 5~ T=I,NPT! 
25~ IX=(I(I,I) • (MIN) • IS' 
251 IIa(e • MOOIII.ell • e • I 
252 J.¥~eN - (Y(Il • 'MIN) • YSF 
253 J=J • Nw • IX/e • 2 
254 JJaxLEN • ('v(I) • ,WIN) • 'SF 
255 JJaJJ • N •• IX/b • 2 
250 I U7 
c57 IF (J .EQ. JJ) GO TO SO 
258 rU2l 
259 ~LOT(J)aCONCAT(P~OT(J),S'H,II,a7,8) 
2bO 50 P~OTCJJ)aCONCAT(P~OTCJJ),S'M,II,Ix,8) 
201 ~~,xaXH'X • I.O/XS' 
202 YM,xa~~lX • I.O/YsF 
203 lnol 
lb4 'SFaS.O/VS' 
205 CO bO VlaY~IN,Y~'X,'SF 
coo PLOT(IlaVl 
2b7 bO lat· 5.~N 
2D8 N~ITf(o,70l P~OT 
2Qq JS'=IO.O/XSF 
27ft .RITE(b,80) (xA,x'.X.t~,XH'X,xSF' 
271 QETUAN 
272 70 FORHAT(lHI,lIJ.IO(' ••••••••••• "IH. I (FI0.l.2H .,leAo.A!.!H. 
273 • q(/4x,",2H 1.leA •• &5.IHt)) 
2711 80 'O''''''T(1Ioi •• IIX,IO(' ....... --•• I).IH, .. I SX,IIF10:tl 
275 END 
27b C· FU~CTION TO BE 'IT 
c77 'U~CTION FUNCT~(.,J) 
27! CI~ENSIO~ '(ll,X(I) 
27~ FUNCTHaEXP((&(I)/ACl).CExPC-'Cc).X(l)-ll) 
280 RETURN 
281 END 
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Appendix H 

Temperature Correction Computer Program 

Table H-l. Temp, computer program to correct plant litter decomposition 
rates to ZOoC. 

F lI..:: a (K 1"O=OJs~, q H.E:· rE~"O 1". ;>,.FJTEC T r::',=S •• E. ~ IL.E TYPI!=1) 
FIL.E ~'~I~~sOIIK,rITL.E:·'lrl".~ouTEcr!a~=.~'E.FtL.Eryp~=71 

2 FILE ID{Kl~D:OISK.rtrL~=·rEMPCJ".~Rar~,rl 1~=I~~E.FIL.ErY"E:71 
1 OI-ENSlgN rE·p{~Qq) 
~ C. TEnpE,PA "J:fE FOi! EACH OATe. IS 0E..,;) F R'J"I _ "l UF tLE 
, 00 2 IJs2.JQ. 
= ~E.O'8,I011rE~"(IJI 
7 IU! 'U~M_T(5~.FI.11 
~ Z CO~lrt~jI.lE 
1 TE~i"( lIsco! 

I~ T t'"r::;:1 
II "EAO(",/ICl(n'''''''T''I,., .. n.c~ 
12 4RITE(b,/)CKO,A, .. T4tN,.T~Q. 
;1 ~HITE(10.qql 
I- qq Fa~~&T (ZX.·D"·IX,·r~~"·.lt.·C~·.bl,·F·~l,·"rN~~·1 
1'5 .TLAST2I.O 
I: )112 
17 1"=1 
I~ GO TO H 
l'i C* THE UHE CQpqESPuhuI',G TO THE "UGI1T ~EI+UlltNG IS LOCHED ON A 
2~ C* CU~vE QESC"Iet~G TME -CTUAL LITTEP DE,CO~PQlITIO~. T~IS .ErGHT INO 
21 C. THE ~E[GHT RE~lINIHG -r TIH' pLUS a~E OA, ARE uSED TO OEFINE _ 
22 c* lIHPLE FIRST Oi!OE~ OECA, COEFFICIE"' FOR TN_' SI~GL! OA,. THE 
25 c· COEFFtCtE~T [S T~~. CU~~ECT~O Ta aa C '.OM THI Tt~p~~_Tq~F OF 
al C* THE LAKE a~ TME 0', !~ QUiSrIO~. T~E C~~RECTEO CQEF~tCIE~T ts 
a, C- 'JSEO T;) ;:>"'EDtCT ~E1G;,T LOSS O\l"I~IG TMe: !lA, t'l ;'It.ST!IJ". I, 
2~ C. TME ~'~E'S TE~"E~-TU~E ~AC ~EE- au c. THE L.nss ~u~l~G 
Z1 C. THE SlaGLE 010, [S su~r~IocTED ,~a~ TMI .![GM' ql~AtNI~G a~ THE 
Z! C. pREvIOuS Oloy, TME rI~E CURRESpONOI~G TO THE .~~ .II;HT ~E~~!~I~G 
zea C. IS OETER'1H~O Fl>O~ ACTUAL C'!CO"'DOstTtO~1 O'T£ .NO SUiiSE luE",T 
jO C. CALCuLATIONS A~~ MAI(E loS OESCRlaEo .SOvE. IN TMIS _loy, 
31 C. rE~pERATURE ~"O 4EIGHT SPECIFJC O~C., COEFFtCtE~TS ARE US€o' 
12 C. TO OESCRISE .• ElGHT L.OSS. THE ONLY uSII"pnOH HAOE IS rHAT 
31 C* _ SIMPLE ~IRST a_OER aEc., COEFFICIEnT ~ESC~I~E5 ~EIGHT LOSS 
.;~ C* OVER. OaE O&y "ellIO;). 
j5 I)U q I:l,i! 
h 1,~:Tt·'E.1 
37 CK=(-c.a/('.Tt"Ell.(E'P(.A.Tl~~).ll 
~~ F=(j.~72~ •• 'P(P,I'.I~·(TE'1l>(!")·2Qlll/(I·.II·(ExP(.I'~I~. 
j~ ·\TE"'P([~I·ll)-11) 
.' F",I 
.1 cKa',:CM/I' 
.2 ~T~q":_rL.~ST.E~P(.C~2Ql 

-3 21 TI.!=(.L.ClG{4.-La,,(.,T"'=.'/I..~"+III/'" 
•• rl~E=(TI~E'T[~1/2 

.; "> C,,'ITt'IYe: 

... "ilIT'! C I ~.I()1!1 !M. TE~"(IMI ,C_,F."TNOQ 

.1 IO() FO~"_T(Zx,tl.I,.F~.I,I,.F'.~ •• '.FS,~.Zl.F5.Ql 

., !FC.TI.C" .~T,"T·q'" t;IJ TO I> 

.~ TI"E=TJ~! 
S~ ~rLAST=~rHO~ 
,1 ~ CO'lTPIYE 
i2 It CO'lff'IUE ,3 STOP 
S. EI<O 
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Appendix I 

Results of Statistical Analysis of 
Litter Decomposition Study 

Contents of this appendix were copied directly from 
computer data files; numbers of significant figures 
reported do not always signify the sensitivity of 
the analysis used. 
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Table I-I. Dissolved oxygen utilization (mg/day) ANOV and mean values. 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

Bear T. latifolia TREATMENT: 2 3.910 0.354 ( ns) 
TIME : 8 263.1 23.8* 
TMT .-TIME: 16 28.95 2.62* 
ERROR: 54 11.06 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O. T .M. 17.81(a) 17.18(a) 17.12(a) 
DAY 3 21.7 (a) 18.3 (b) 20.3 (a) 
DAY 7 16.5 (a) 17.3 (a) 19.7 (b) 
DAY 14 21.5 (a) 23.3 (b) 24.8 (b) 
DAY 28 32.8 (a) 24.3 (b) 22.9 (b) 
DAY 55 14.8 (a) 11.4 (b) 14.2 (a) 
DAY 114 8.8 (a) 13.6 (b) 10.9 (c) 
DAY 236 19.3 (a) 18.2 (a) 17.7 (a) 
DAY 321 6.2 (a) 15.3 (b) 10.4 (c) 
DAY 365 18.7 (a) 13.0 (b) 13.3 (b) 

LAKE PLANT TYPE S. V. D.F. M.S.E. F 

New Fork P. foliosus TREATMENT: 2 7.885 0.856 ( ns) 
TIME: 8 954.9 10 3.7* 
TMT .-TIME: 16 19.64 2.13* 
ERROR: 54 9.210 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T .M. 10.14(a) 11.03(a) 11.11(a) 
DAY 3 26.4 (ab) 23.3 (a) 31.1 (b) 
DAY 7 26.5 (a) 24.3 (a) 23.9 (a) 
DAY 14 17.8 (a) 19.3 (a) 20.2 (a) 
DAY 28 7.3 (a) 17.3 (b) 8.4 (a) 
DAY 55 2.8 (a) 4.4 (a) 3.8 (a) 
DAY 114 2.4 (a) 6.0 (a) 4.3 (a) 
DAY 236 4.1 (a) 2.3 (a) 5.2 (a) 
DAY 321 3.8 (a) 2.2 (a) 3.1 (a) 
DAY 365 0.0 (a) 0.0 (a) 0.0 (a) 

188 



Table 1-1. Continued. 

LAKE PLANT TYPE S.V. D.F. M. S.E. F 

New Fork T. latifolia TREATMENT: 2 118.1 10.9* 
TIME : 7 259.0 23.9* 
TMT .-TIME: 14 15.44 1.43 
ERROR: 48 10.82 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T.M. 16.18 (a) 18.56(b) 20.6 H c) 
DAY 3 20.6 (a) 23.2 (a) 24.3 (a) 
DAY 7 25.9 (a) 31.4 (b) 27.1 (ab) 
DAY 14 19.7 (aJ 17.6 (a) 22.6 (a) 
DAY 28 12.5 (a) 12.0 (a) 13.8 (a) 
DAY 56 15.2 (a) 19.5 (ab) 24.6 (b) 
DAY 102 9.3 (a) 12.0 (ab) 15.1 (b) 
DAY 314 12.8 (a) 16.0 (a) 22.2 (b) 
DAY 365 13.5 (a) 16.6 (a) 15.3 (a) 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

New Fork P. foliosus TREATMENT: 2 336.2 33.1 
TIME : 7 531.5 52.3 
1'MT .-TIME: 14 23.44 2.3 
ERROR: ·48 10.15 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T .M. 10.27(a) 16.33(b) 17.ll(b) 
DAY 3 20.3 (a) 22.5 (a) 24.3 (a) 
DAY 7 26.9 (a) 31.8 (a) 29.9 (a) 
DAY 14 13.8 (a) 19.3 (b) 15.8 (ab) 
DAY 28 6.6 (a) 8.9 (a) 16.1 (b) 
DAY 56 3.4 (a) 12.6 (b) 12.6 (b) 
DAY 102 3.6 (a) 9.3 (b) 10.4 (b) 
DAY 314 2.8 (a) 11. 3 (b) 17.9 (c) 
DAY 365 4.7 (a) 14.9 (b) 9.9 (b) 
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Table I-2. Percent plant litter remaining ANOV and mean values. 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

Bear T. 1atifo1ia TREATMENT: 2 94.18 3.93* 
TIME: 8 5368 224.* 
TMT.-TIME : 16 119.9 5.00* 
ERROR: 54 23.97 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T.M. 63.90(a) 67.63(b) 65.66(ab) 
DAY 3 97 (a) 105 (b) 92 (a) 
DAY 7 95 (ab) 97 (b) 89 (b) 
DAY 14 93 (a) 91 (a) 88 (a) 
DAY 28 88 (a) 76 (b) 68 (c) 
DAY 55 53 (a) 57 (a) 58 (a) 
DAY 114 47 (a) 56 (b) 54 (ab) 
DAY 236 41 (a) 50 (b) 49 (b) 
DAY 321 35 (a) 40 (a) 52 (b) 
DAY 365 27 (a) 36 (b) 41 (b) 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

Bear P. foliosus TREATMENT: 2 1069 10.78* 
TIME: 8 9304 93.79* 
TMT.-TIME: 16 181.9 1.83* 
ERROR: 54 99.20 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T.M. 25.lC a) 37.lCb) 34.5(b) 
DAY 3 81 ( ab) 78 (a) 96 (b) 
DAY 7 60 ( a) 81 (b) 81 (b) 
DAY 14 52 ( a) 62 ( a) 57 (a) 
DAY 28 15 ( a) 30 ( a) 29 (a) 
DAY 55 11 (a) 31 (b) 20 (ab) 
DAY 114 5 (a) 45 (b) 22 (c) 
DAY 236 1 ( a) 5 (a) 3 (a) 
DAY 321 0 (a) 1 ( a) 3 ( a) 
DAY 365 0 (a) 0 (a) 0 (a) 
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Table I-2. Continued. 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

New Fork T. latifolia TREATMENT: 2 209.6 7.8* 
TIME : 8 1927 71.9* 
TMT .-TIME: 16 68.47 2.6* 
ERROR: 54 26.82 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O. T . M. 81.8 (a) 84.9 (b) 79 .4( a) 
DAY 3 96 (a) 104 ( a) 98 ( a) 
DAY 7 96 ( a) 99 (a) 93 ( a) 
DAY 14 97 ( a) 97 ( a) 91 ( a) 
DAY 28 96 ( a) 91 ( ab) 86 (b) 
DAY 56 92 ( a) 84 (b) 76 (b) 
DAY 102 81 ( a) 78 (a) 74 ( a) 
DAY 267 68 ( a) 71 ( a) 69 (a) 
DAY 314 58 ( a) 74 (b) 67 (ab) 
DAY 365 52. ( a) 66 (b) 60 (b) 

LAKE PLANT TYPE S.V. D.F. M.S.E. F 

New Fork P. foliosus TREATMENT: 2 7008 113.8* 
TIME: 8 3374 54.8 
1'M'l' • - TIME: 16 219.0 3.56* 
ERROR: 54 61.56 

INTRA-DATE COMPARISON 

SOUTH LOUISIANA WYOMING 
CONTROL CRUDE CRUDE 

O.T.M. 23.3(a) 50.6(b) 5L7(b) 
DAY 3 61 ( a) 85 (b) 77 (b) 
DAY 7 55 (a) 58 ( a) 63 ( a) 
DAY 14 49 (a) 66 (b) 67 (b) 
DAY 28 24 ( a) 61 (b) 54 (b) 
DAY 56 7 ( a) 54 (b) 51 (b) 
DAY 102 7 (a) 40 (b) 59 (c) 
DAY 267 3 ( a) 40 (b) 35 (b) 
DAY 314 0 ( a) 25 (b) 27 (b) 
DAY 365 4 ( a) 27 (b) 33 (b) 
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Table I-3. Percent oil remaining ANOV and mean values. 

Source of variation 

Lakes 

Plant Species 

Oil Types 

Time 

Lakes--Pl. Species 

Lakes--Oil Types 

Pl. Species--Oil Types 

Lake s--T ime 

Pl. Species--Time 

Oil Types--Time 

Lake--Pl~ Species--Oil Types 

Lake--Pl. Species--Time 

Lake--Oil Type--Time 

Pl. Species--Oil Type--Time 

Lake--Plant Species--oil Types--Time 

Error 

192 

D.F. 

1 

1 

1 

7 

1 

1 

1 

7 

7 

7 

1 

7 

7 

7 

7 

128 

M.S.E. 

4.171 

5.038 

0.763 

1.394 

2.975 

0.713 

0.181 

0.358 

0.192 

5.62 x 10-2 

1.251 

0.360 

6.45 x 10-2 

0.114 

6.57 x 10-2 

6.17 x 10-2 

F 

67.6* 

81.7* 

12.4* 

22.6* 

48.2* 

11.6* 

2.94 (ns) 

5.80* 

3.12* 

0.91 (ns) 

20.3* 

5.84* 

1.05 (ns) 

1.85 (ns) 

1.07 (ns) 



Appendix J 

C:N and C:P Ratio as a Function of the Proportion 
of Plant Litter Remaining 
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Table J-1. Carbon to nitrogen and carbon to phosphorus ratios for de-
composing plant litter at various stages of decompos ition. 

Control SLC WC 

Prop. C:N C:P Prop. C:N C:P Prop. C:N C:P 
Rem. Rem. Rem. 

T. latifolia (Bear Lake) 

0.95 18.8 226 0.96 19.6 226 0.93 17.3 192 
0.92 25.6 172 1.01 24.2 205 0.83 21.3 286 
0.92 23.0 191 0.95 22.2 206 0.92 20.5 199 
0.89 16.4 177 0.91 22.3 194 0.90 21.0 248 
0.89 24.0 213 0.91 18.7 241 0.89 16.6 311 
0.87 29.7 144 0.92 18.6 227 0.86 24.9 340 
0.55 21.5 124 0.72 18.0 368 0.66 26.5 542 
0.54 33.5 166 0.76 28.1 382 0.62 20.5 834 
0.50 23.2 220 0.82 28.2 247 0.76 23.0 461 
0.47 26.2 196 0.54 39.4 462 0.55 28.1 464 
0.47 29.9 312 0.61 36.0 433 0.64 33.4 422 
0.46 34.3 403 0.54 32.3 352 0.55 28.8 518 
0.36 25.9 308 0.57 25.1 255 0.54 34.1 461 
0.33 28.6 298 0.40 31.5 308 0.57 23.2 500 
0.35 31.1 239 0.54 30.6 160 0.51 25.1 480 
0.23 17.8 299 0.42 23.5 194 0.47 32.0 296 
0.26 26.5 198 0.35 21.4 322 0.48 22.3 330 
0.34 21.0 238 0.42 22.9 307 0.52 25.8 493 

0.58 22.5 599 
0.56 17.6 177 
0.42 23.0 488 

P. foliosus (Bear Lake) 

0.57 8.5 59 0.90 6.2 79 0.80 8.0 79 
0.48 11.3 107 0.72 6.1 46 0.86 8.3 87 
0.50 9.1 95 0.82 6.3 66 0.76 5.6 44 
0.12 10.6 100 0.53 6.2 95 0.76 6.4 78 
0.21 8.1 113 0.68 7.3 101 0.33 6.2 105 
0.13 6.7 84 0.65 8.6 55 0.61 6.3 076 
0.20 9.4 100 0.52 2.3 51 0.33 '3.7 081 
0.06 8.4 146 0.24 6.7 180 0.28 3.2 075 
0.06 7.6 150 0.16 5.4 217 0.27 3.0 161 
0.02 5.0 30 0.30 7.7 49 0.23 6.2 046 
0.01 4.5 23 0.31 6.8 44 0.26 5.0 036 
0.13 3.5 30 0.31 4.9 34 0.12 5.6 037 

0.08 4.1 14 0.25 3.9 024 
0.16 4.8 023 
0.24 6.1 023 
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Table J-l. Continued. 

Control SLC WC 

Prop. C:N C:P Prop. C:N C:P Prop. C:N C:P 
Rem. Rem. Rem. 

T. latifolia (New Fork Lake) 

0.98 33.1 289 0.98 20.7 223 0.92 24.2 188 
0.93 23.0 249 0.98 22.5 337 0.95 23.0 249 
0.97 33.3 253 1.02 21.3 202 0.93 26.4 232 
0.98 26.2 276 1.01 27.0 273 0.82 24.4 155 
0.94 21.4 259 0.97 20.1 237 0.92 22.1 215 
1.00 19.7 203 0.95 19.5 240 1.00 23.0 249 
0.99 29.4 298 0.94 23.3 183 0.86 26.5 242 
0.91 30.0 363 0.84 21.1 245 0.93 20.9 412 
0.97 26.8 291 0.94 25.8 278 0.80 24.2 290 
0.95 33.0 222 0.87 21.7 254 0.77 26.4 364 
0.93 27.0 . 185 0.82 30.3 191 0.75 28.3 324 
0.90 24.0 113 0.81 26.8 210 0.77 32.2 321 
0.78 37.0 180 0.80 30.0 195 0.78 33.3 396 
0.85 29.0 184 0.71 26.8 354 0.74 30.4 364 
0.80 35.0 172 0.84 30.5 252 0.71 25.4 353 
0.72 29.0 715 0.73 39.0 999 0.72 33.4 999 
0.65 38.7 802 0.61 30.6 999 0.68 34.7 999 
0.66 24.9 708 0.78 31.7 991 0.67 29.1 999 
0.54 27.6 193 0.68 27.6 827 0.62 27.0 405 
0.67 22.9 318 0.71 27.1 440 0.65 28.1 657 
0.54 26.2 271 0.80 29.8 453 0.73 27.8 578 
0.54 33.6 335 0.68 38.9 707 0.62 28.9 534 
0.67 23.3 241 0.72 32.2 599 0.65 36.7 652 
0.54 27.7 378 0.81 39.3 759 0.73 31.0 635 
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Table J-l. Continued. 

Control SLC WC 

Prop. C:N C:P Prop. C:N C:P Prop. C :N C:P 
Rem. Rem. Rem. 

P. foliosus (New Fork Lake) 

0.51 7.9 140 0.53 7.2 122 0.58 8.1 124 
0.55 5.0 37 0.52 7.5 90 0.68 8.0 116 
0.59 8.3 97 0.68 8.1 145 0.62 7.6 107 
0.46 5.8 74 0.68 5.7 107 0.66 7.1 121 
0.47 5.7 73 0.67 8.2 159 0.67 6.8 122 
0.50 5.5 70 0.65 7.0 64 0.66 7.9 146 
0.18 6.0 101 0.60 5.6 69 0.70 8.6 181 
0.28 5.7 119 0.54 6.8 175 0.41 6.5 133 
0.26 5.3 61 0.70 7.5 150 0.51 5.4 88 
0.11 7.2 114 0.52 4.2 71 0.46 6.0 103 
0.20 4.3 51 0.59 4.5 52 0.53 5.5 70 
0.02 6.6 181 0.52 7.1 94 0.53 5.1 83 

0.40 5.0 72 0.54 5.5 87 
0.43 5.6 81 0.48 5.0 66 
0.36 5.6 56 0.77 5.2 66 
0.41 5.4 200 0.34 1.6 228 
0.44 4.9 182 0.30 5.8 208 
0.36 5.8 247 0.43 5.4 245 
0.24 4.7 68 0.26 4.6 64 
0.30 5.0 84 0.25 4.5 69 
0.21 5.0 81 0.31 4.7 65 
0.30 5.0 82 0.26 '5.3 92 
0.21 5.6 89 0.25 4.6 70 

0.31 5.2 86 
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Appendix K 

Chemical, Gas Composition and Temperature Data 
of Microcosm Studies 

Contents of this appendix were copied directly from 
computer data files; numbers of significant figures 
reported do not always signify the sensitivity of 
the analysis used. 
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Table K-3, Temperature data for New Fork Lake microcosms. 

DAY 
BAR 

PRES 
ROOM INF 
TE~P TEMP 1 

~ICROCOSM EFFLUENT TEMPE~\TURE 
2 456 7 B 9 11 l~ 

2 o~l,~ 19,~ 10,0 19,~ 19:~ 19,ij 19.~ 19,~ 19.~ 19.~ I':~ 19,~ la,2 la,~ 1&,2 

~ OQ2,9 1',0 19,0 19.3 19.5 19,0 19,5 19,0 19.0 19;3 19:0 19 ,5 18,0 18.0 la.o 

o aQ~,2 10.9 10.0 la,Q 19:~ la,~ la,~ la.ij 19,~ !0;4 19:~ 19.Q la,2 la" IS,e 

~ OQI,O 1~,9 10,1 19.2 19,0 19.0 19.0 Iq,5 Iq,~ 19:Q 19,0 19,~ 18,2 la,2 IS,l 

10 oQi.S la,o 10.1 19,~ Iq:~ Iq,ij Iq,ij Iq,~ Iq.Q 19:~ Iq;~ 19.Q 18.2 la,2 1~.2 

12 O~Q.S 18,a Ib,O 19,~ 19:Q 19.ij 19,ij Iq.~ 19.~ 19,~ 19.~ Iq.~ 18,2 18.2 la.2 

IQ aQ2.1 18.1 10,1 Iq.~ 19:~ 19.ij 19.~ 19,~ 19.~ !o:~ 19:Q 19.~ 18,2 la.2 18.2 

10 o~J,1 18,a 10,0 19.~ 19,~ Iq,ij 19,~ I~;~ 19.~ 19:~ 19:~ I'.~ 1&,2 16,2 10,2 

15 OQI.O 18.0 10,0 19,ij 19;Q 19.~ 19,* 19.Q I'.Q la.~ 19:ij I'.ij 18,l 18,2 18,2 

,n aQQ.1 10.1 10.0 19.ij 19.~ 19,ij Iq,Q Iq.ij I'.ij 19:Q 19:~ 19.ij 18,2 18,2 18.2 

22 oij1.5 lo,a 1&,0 19,Q Iq.Q 19,Q Iq.~ Iq.~ 19.~ 19:~ Iq;ij 19.Q la,2 18,2 !8,2 

,~ 0~Q,2 18,8 10,0 Iq,Q 19:ij Iq.~ 19.4 19,Q 19.~ 19:Q Iq,~ 19,ij 18,2 18,2 18,2 

20 b40,J IS,o 10,0 19,ij 19;ij 19,ij 19,ij 19,~ 19,ij ,9;~ 19.~ 19;. 18,2 18,2 18,i 

28 o~I,o 18.0 1&,0 19,~ 19;Q 19,ij 19,ij 19,ij 19,~ 19:~ 19:ij 19;~ 18.2 IS.2 18.2 

1ft oQo.2 18.0 1&.0 19.Q 19:~ 19,ij 19,ij 19.~ 19,ij 19:~ 19:ij 19,ij 18.2 18,2 la.2 

12 OQQ.9 18.0 1&,0 19,~ 19:~ 19,ij 19.~ 19,4 19,Q 19:4 19:4 19,4 18,2 18.2 18,2 

1~ 0~~,1 18,1 1_.0 19,4 19:~ 19,~ 19,~ 19,4 19,Q i9:~ 19:~ 19;Q 18,c 18,2 la,i 

1& o~3.5 18,8 10,0 19,Q 19:Q 19,4 19,~ 19,Q 19,ij 19;ij 19:4 19,Q 16,2 18.2 la,~ 

18 041,2 18,0 10,0 19.~ Iq:~ 19,Q 19,ij 19,Q 19,4 19:Q 19.4 19,ij 18,2 18.2 18,~ 

~n 0~4,J 18.8 lo.a 19,~ 19:~ 19,4 Iq.~ 1',4 19,Q 19:4 19:4 19,ij la,2 1~,2 18,~ 

~i 04Q,I 18,8 le,O 19,~ 19.4 19.~ 19,ij 19,~ 19,~ j9:~ 19:4 19.4 18,2 1~.2 18.2 

~4 o~I.4 18.9 le.O 19.4 19,4 19,4 19.4 I~;Q 19.4 19:Q 19:~ 19;ij 18,2 t~,2 la.e 

~o o~2,o la.9 10.0 19,ij 19:4 19.4 19,~ 19,4 19,Q 19:4 19:ij 19,4 la,2 18,2 16.2 

~a 019,8 22.0 10.0 19.Q 19,4 19.Q 19.ij 19,ij 19,4 19~~ 19:~ 19,4 18,Z 18,2 16,2 

50 039,1 22.1 18.& 22.8 22,8 2j,~ 23.2 2j;1 23,1 ~3:ij 23:2 23.0 21,~ 21,2 21.0 
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Table K-3. Continued. 

DAY 
BAR 

PRES 
ROOM IIlF 
TEm> TEMP 

:1ICROCOSH EFFLUENT TEl'IPERATURE 
5 6 7 8 10 11 12 

S2 0.a.1 19.9 10.7 19.a 20.0 19.9 19.a 20.0 19.a 20:0 19;9 20;0 18.0 18,0 la." 

5" 0.5.0 2~.J 17,0 c2.c 22:, 2c.o 2l.0 22.~ 2c.~ ~2:~ 22:0 22." 20.0 20,S 20,S 

So 0"0.5 21.0 10.2 21.9 2l:1 22.3 22.2 22.2 22.2 22:" 22:2 22.0 20 •• 20," 20.2 

S8 0"_.7 22.c 17." 22.2 22:ij 22.0 22,0 2c.o 22.5 22:7 22:7 22.5 20,~ 20,l 20,_ 

DO 0"0,. 2~.2 19,8 2".1 2ij;~ 2".0 2"." 2".2 2".2 ,.;5 2.:0 2.,2 21.8 21.0 21.~ 

02 0"0.9 22.7 10.5 22.b 2~;a 23.0 22.0 22.a 22.0 ~2:8 22:a 22;8 20.8 20,a 20,0 

o. 0.1.1 21,0 lb." 21.2 21:" 21.~ 15.0 21." 21.~ is:o 15:0 21:l 20.0 20.2 20.1 

00 O"c.O 19.7 10.0 20.0 20:c 20.1 15.0 20.~ 20.0 \5;0 15:0 20,~ 18.7 I~,ij 16,7 

08 0"1,7 19," 15.0 20.0 20:0 20.7 15.0 20," 20." \5:0 15:0 20.0 18.1 18,_ 18," 

70 039,7 21~0 15," 22.0 22;1 2~.b 15,0 22.2 22.2 is:o 15:0 22." 18,l 10.l 16.l 

72 0"1.0 17.0 1.,1 17,9 18:0 18,0 15,0 la,a 18.u \5:0 15:0 17.9 10,8 10,0 10.0 

7" 039.0 19.0 15.0 19.7 19;8 19.8 15,0 19,8 19;7 15:0 15:0 19,7 18,1 18,1 la,o 

70 0"0,2 17,8 15," 17,9 I~;O 18,1 15,0 18iO 18,0 is:o 15:0 la:o 10.0 10.0 10,0 

78 017,. 20,8 lb," 21,0 21.ij 21.~ 15,0 21.2 21,1 ,5:0 15:0 21." 19,0 19,0 ",0 

80 0"",7 19 .5 15,0 19,2 '9:0 19.8 15,0 19,2 19.0 15;0 15;0 19,0 lb,8 10,8 lo,a 

~2 015,0 20,S 15,0 20,7 20,8 21,2 15,0 20,8 21,0 \5:0 15:0 21,0 I~,o 18,0 18,5 

8" 0"1." 21,0 10.9 21,1 21;2 21.2 17,0 21.1 21.1 i7:0 17;0 21;1 19 ,u 1~,7 la.o 

ao. oll,~ 20,0 15.5 21,0 21:0 21.~ 15,0 21,0 21.0 \5:0 15:0 21,1 18,5 18,5 18.5 

ij8 0]9,1 21,0 15.8 21.1 21;3 21,9 15,0 ~1.1 21,0 ,5:0 15:0 21:7 Id,o 18,7 18,7 

90 D"",O 20,7 Ib.O 21.0 21.0 21.0 10,0 21,0 21,0 Ib:O 10:0 21,~ 18,8 la,b 18,7 
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Table K-4. Temperature data for Bear Lake microcosms. 

BAR 
DAY PRES 

ROOM INF 
TEMP TEMP 

,'!ICROCOSN EFFLlIF.NT TE.'lPERA TURE 
5 6 789 to II t2 

4 050.1 20.S I~.~ 20,0 20.0 20.8 20.0 20,0 20.5 1U;. 20;0 20;0 18.8 18.8 18.6 

o owq,l 1~.1 17.0 20,d 21;0 21.0 21,~ 20,8 ~O.9 ,1:0 21:0 20,S 19,0 Iq,u IS,S 

a o~l,l 20,S 10.8 20~9 21:0 21.1 '1,1 21.0 20,9 '1:1 21;~ 21.1 18.0 18,7 1&.8 

10 038. 0 21,u 17,0 21,0 21;0 21.U 21.0 21.U 21.0 ,1;0 21:1 21.1 19.0 19 ,0 Ib.a 

12 ow1,~ 20.1 17.4 21.0 21:0 21.U 21.0 21.0 21.0 ~I:O 21:1 21,1 18.~ 18,8 18.9 

I~ 04$.5 21.0 17,a 21.0 21:1 21.1 21.1 21,1 21.1 'I:a 21,a 21.2 19,0 19 ,0 19.0 

10 043.4 21.0 10.0 21.U 21:1 21.1 21.1 21;0 21.0 ,1:0 21.2 21.4 la. 9 19.0 Iq,O 

18 o~I,5 20.S 17.0 21.0 21.2 21.2 21.2 21.0 21.0 ,1;1 21:2 21.2 Id,9 18.9 19,0 

2~ 010,1 21.0 17.0 21.0 21.u 21.0 21.0 21.0 21,0 '1;1 21;0 21,0 19.0 19,0 19,~ 

l2 017.1 21.5 17,7 21.1 21.1 21.5 21.5 21,1 21.ij ,1;0 21;a 2t,o 19.v 19,U 19.0 

2q o~l,~ 21.5 18.0 21.2 21.~ 21,4 ~I.~ 21.2 21.1 'I:~ 21;5 21;~ IO,~ 18.~ 18.8 

2. 042.0 21.0 15.0 21.4 21;5 21.0 21,~ 21,~ 21.~ ,I:b 21:0 21;~ 19,0 19 .0 19,0 

28 oij2.9 21,0 I~.O 21,0 21:1 21.2 21.1 21.0 21.0 ~I;I 21:2 22.2 19 ,0 I~.O 19,0 

10 o~8.a 20.~ 15.0 20,0 20.8 20.8 20.8 20,7 10.b 20:8 20.& 20.7 19.0 I~.O 19.0 

l2 oij2,l 21.2 17.0 20.9 21.1 21.1 11,1 21.1 21.0 ~I:I ~1;2 21;2 19.0 19,0 10.9 

l~ oij7.1 21.2 10.0 21.2 21;2 21,1 21.2 21.2 21,l ,1;2 21;1 21.2 I~.I I~.I 19,1 

30 og3.i 21.l 17.0 21.0 ll:1 ll,l 21.1 21,1 21,0 '1:1 21:1 21.1 19.0 19,U 19,0 

18 032.9 2u.o 10.2 20.~. 20;0 20.8 lO.7 20,7 20.7 ,1;0 21;0 21.0 19.0 19.0 19,0 

~O o~5.5 21.1 10.2 21,2 21;2 ll.2 21.1 21.2 '1.2 ~I.~ 21:l 21.l 19,~ 19,1 19.2 

Q2 oQQ.O 21.1 18.0 ll.0 21.1 21.0 21,1 21.0 21,0 21:2 21:1 ll,2 19,0 10.& I~,O 

~o o37,~ 21.3 15.0 21.1 21.1 21.3 21.1 21.1 21,2 21;3 21.l ll.l 19,1 19,1 19.~ 

~, o4~.1 21,3 11.8 21.1 21:3 21,3 21,1 21.2 21.1 ,I:Q 21:~ 21.3 19,0 18,8 19,0 

50 000.0 22.7 I~.a 22.ij 22;. 22.0 22.7 22,. 22.0 22;7 22:7 22;7 19 ,. 1~.8 20,0 
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Table K-4. Continued. 

DAY 
BAR 

PRES 
ROOM INF 
TEMP TEMP 1 

MICROCOSM En-WENT TEHPEMTURE 
45678 9 10 11 l~ 

52 ola.a 2l.1 Iq.o 22.0 22.2 22,2 22.1 2l.l 22,~ ~2:1 22:3 22.2 19,8 19,0 19,b 

5~ o~O.1 l2.~ 17.~ 21.U 22:2 22.1 22.3 22.2 22.4 12;4 22;5 22,S 20.0 19,8 19,~ 

5b b12.~ 21,d 11.0 22,0 22:1' 22.2 22.2 22.0 22,1 12;2 22:~ 22.2 lO.O 20.0 20,0 

sa bi5.9 22,0 1 •• 5 22.0 22:1 22.2 22,2 22.1 ~2.1 '2:2 21:3 21,1 19,8 IQ,8 19.9 

bO blQ.l 2l.u 18.0 22.5 22;0 22.8 23.0 21.0 22.e 13:0 13;0 23.0 20.0 20,0 20,0 

02 .JI,l 22,~ 19,n 22.0 22:. 22.a 22.1 22.1 22 •• '2:1 22:8 22.8 21.' 21.0 21.e 

o~ 051.} 22.~ 18.0 22.2 '2.5 21 •• 22,. 22.5 21,. 12;7 22:1 22.7 20,0 20,0 2u,U 

•• 051.~ 22.~ 19,0 22.l 12.} 22,Q 22.~ 22:~ 22.1 12:ij 22:~ 22.u 19,b 19.8 19.8 

08 oJ9,5 22.5 I~,O 22.2 22.4 22,0 22.5 22.S 22.0 1.2:4 22;0 22.5 19 ,9 19,8 19,8 

10 045.5 22,0 11.4 22,2 22.4 22.} 22.4 22.q 22.~ 1.2,4 22:~ 22.~ 20,0 19 ,8 20,0 

12 Oql.7 22.1 17.5 22.0 22;2 22,2 22.1 22.2 22.2 12:1 22:ij 22;4 19.1 19 ,1 Iq,o 

7~ 011.1 22,. 17.1 22,4 22.0 22,. 22,0 22,0 22.0 ,2:0 22:7 22;0 20,0 20.0 2u,~ 

70 035,5 22,2 \ •• 0 22,2 22,q 22.0 22 •• 22,S 22.4 ,2:0 22:. 22,S 20.0 19,7 19,7 

7& 029.5 22,2 21.2 22.U 22;2 22.~ 22.~ 22.4 22.4 1.2;5 22:ij 22.5 19,9 t9,8 19.1 

80 o~},9 22,0 17.0 22.0 22.2 22.2 22.1 22.1 22.2 '2:2 22;2 22.2 19 ,4 19,5 19,5 

d2 0~ •• 1 22.. 11;0 22,S 22;. 22,0 22.. 22.. 22.0 22:. 22:0 22.0 19,9 19 .8 19,0 

dQ 0~2,9 22,S 11,0 22.0 22:0 22.6 22.8 22.8 22.8 22:9 22;9 22.6 20.0 20.u 20,2 

80 0~2.1 22.5 15.0 22,5 22~5 2~,D 22.7 22,8 22.8 ,2:8 22:8 22.8 19,8 19.c 19,8 

88 .~4.1 22.4 11.4 22.~ 22:0 22.7 22.b 22~0 22.7 22:8 22:8 22,7 20.0 IQ,9 IQ,6 

90 O~~.O 22.0 Ib.O 22,0 22:1 22.~ 22.~ 22.1 22.1 22:5 22:5 '22~ij 20.0 20,0 20.0 
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Appendix L 

Soluble Iron in NFL Microcosms 

• 

Table L-l. Soluble iron in NFL microcosms on day 77 of the experi
ment (Oct. 5, 1981). 

Microcosm /1 Light Conditions Treatment Iron Concentration 
(lls/U 

1 Diurnal SLC 254 
2 Diurnal Unoiled 150 
3 Diurnal SLC 205 
5 Diurnal WC 414 
6 Diurnal Unoiled <11 
9 Diurnal WC 245 

10 Dark SLC 3200 
11 Dark WC 2000 
12 Dark Unoiled 190 
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